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ANNOTATION 


The monograph presents basic information on the theory, 
designs, and applications of devices for measuring heat f-O/ 
over a wide range of densities and temperatures. Results ol 
studies in a new field of m.easurement — heat-measurements. 

The book is intended for scientific personnel and engi- 
neers working in different fields of the national economy. It 
can serve as a textbook for students in senior courses in 
institutions of higher learning of the corresponding special- 



FOREWORD 


Of T?;® 




Measuring the density of heat flows takes on prime impor- 
tance for most experimental investigations and industrial pro- 
cesses. Successes in building new equipment and methods invar- 
iably promoted the appearance of new tasks; solving these tasks 
posed nevj requ rements on equipment and theory. This "chain 
reaction" led to the advent of an autonomous field of measure- 
ment technology — heat-measurements. Just as fundamental a method 
of experimental physics as thermometry, electrometry, and mag- 
netometry, spectroscopy, and thermal dosimetry. 

Thermometry unites the methods and means for obtaining 
experimental Information about the density of heat flows. Heat- 
measurement equipment is employed not only for Investigation, but 
also for monitoring and regulating processes in the most v/ide- 
ranging fields of the national economy. 

Usually investigators and practitioners used heat-measure- 
ments as an auxiliary m.eans; this led to the dissipation of 
manpower and the irrational employm.ent of time with frequent 
repetition of developments. Therefore, as long ago as 19b5 the 
author of this monograoh started systematizing accum.ulated ex- 
perience with the aim of preparing the fundamentals for develop- 
ing special methods of theoretical and experimental studies, 
approaching in standardization, for example, the methods of 
electrical measurements. The results of generalizingborrowed 
and one’s ovm experience accumulated as of 196^ constituted the 
object of exposition in the monograph Tekhnlka teplot ekhnlch^es:! 
kogo eksoerlmenta /Techniques of Heat-Measurement Experiments/, 
written by the author together with V. G. Fedorov. In an 
abridged version, these m.aterials became part of_the reference 
handbook Teplovyye i t emperaturnyye izmereniy a /Thermal ana Tem.- 
perature Measurement^/, published in 19bq . Both books. Judging 
from letters received and references in publications were ap- 
proved by the scientific and engineering community. 

Compared with previous publications, this book heavily 
revised and updated the overview section; original investiga- 
tions were redescribed. Over the past six years the arsenal of 
heat-measurement Instruments was significantly renev;ed; the 
temperature range of measurements was extended, supported by 
reliable calibration (80-870° K); the number of absolute cali- 
bration devices was increased; ara measurement accuracy went up. 
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In parallel with the experimental studies and technolo- ] 

gical developments, a theoretical analysis was made of the com- : 

plex of thermal conductivity and thermoelectricity phenomena; • 

this opened up the possibility of determining v;orthv;hile forms i 

of structures and arriving at rational research orientations. i 

The .operational characteristics of sensitive elements confirm 
the theory worked out. 

For isolated transducers applied to loads varying in space 
and in time a theory was formulated that establishes a measure 
of correspondence of generated signal to the measured flov;. 

All transducer dimensions were optimized. : 

From an analysis of the properties of battery transducers 
of different types (sandv/ich-type, disk- type, and spiral-type) 
a theory of similarity was derived, for arriving at generalized ! 

functions and deducing calculation formulas. 

Based on the proposed transducers, 36 types of derived ' 

Instruments iifere designed and introduced for direct measurements ;; 

of heat losses, determining thermal conductivity, radiation -i 

pyrometry, biomedical, and technological calorimetric invest!- /• 

gations, dosimetry in nuclear reactors, and so on. These instru- 
ments are v/idely used in research and industrial practice. 

Their use makes it possible to reduce heat losses, lower con- 
sumption of thermal insulation, determine heat-physical proper- 
ties of new substances, correctly estimate the items of heat ' 

balance in heat-power and refrigeration installations, to ef- 
fectively monitor and automate new industrial processes, and 
so on. 

Information gained by heat-measuring units is not confined 
to heat transport phenomena. For example, a correlation was 

discovered betv/een thermal conductivity and the strength of ^ 

fiber glass-reinforced plastics, which makes nondestructive 

tests possible. V.'hen fiber glass-reinforced plastics were i 

tested for fatigue, it was found that over a wide range the j 

dissipation energy in the unit cycle does not depend on the ; 

working stress. Generalization of these experiments must • 

foster progress in the autonomous direction of investigations i 

— heat-flow fault detection. * 

All the original results described in this monograph were ^ 

recorded by staff members at the Laboratory of Methods of Heat 
Measurements of the Institute of Engineering Heat Physics, 

Ukrainian SSR Academy of Sciences, directed by the author since ! 

its establishment. Among them special mention must be made of 
V. G. Fedorov, A. D. Lebedev, T. G. Grishchenko, N. N. Gorshunov, 

G. H. Pashkovskaya, L. V. Moseychuk, S. T. Glozman, L. A. Luka- 
shevich, and S. A. Sazhin. The author is deeply indebted to all 
of them. 
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LIST OP SYMBOLS 


A, B, b, C, D, k, k^, k^ = ccefficients; constants 

a = coefficient of thermal diffusivity; coefficient 
of absorption (v/ith subscripts) 
f = cross-sectional area 
f = transducer area 

e = electromotive force 
1 = lei’gth 

R = electrical or thermal resistance 
T, t = temperature 
I = strength of electric current 
i = density of electric current 
P = pov;er 

p = perimeter; pressure 

X, y*, z, Cs n> C = spatial coordinates 

K, <J), = dimensionless coordinates 

Q = heat flux 

q = density of heat flux 

a = geometrical angle; heat transfer coefficient; 

Seebeck thermoelectric coefficient 
A, 6 = thickness 
e = emissivity 

A = coefficient of thermal conductivity 
y = time constant 

TT = Peltier coefficient; ratio of circumference to 
diameter 

p = specific electrical resistance 
a = Stefan's constant; mechanical stx’ess 
3 = dimensionless temperature; geometrical angle 
T = time 

T = at/1^ = dimensionless time 
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FUNDAMENTALS OP HEAT MEASUREMENT 
0. A. Gerashchenko 

Laboratory of Methods of Heat Measurement, Institute of 
Engineering Heat Physics, Ukrainian SSR Academy of Sciences 


CHAPTER 1: METHODS OF HEAT FLOV/ MEASUREMENT 

ma-in gives information about the development of the /5 

behind existing methods and instruments for measuring 
heat flows. The fields of knowledge for which thermal measure- 
ments are vital are extraordinarily varied. Geothermal studies 
or regions from permafrost to volcanoes; actlnometric investiga- 
ons of the Earth, Sun, and far-off stars; heat measurements of 
organisms, organs, and tissues in biology and medicine; technical 
and physical thermal measurements all the way to measurements in 
nuclear reactors and on spacecraft— a far from complete list of 
areas v/here heat measurements play a cons.iderable role. 

Different fields of knowledge have their ov;n specific methods 
and styles that delineate them from each other. So the clasr.ifi- 
cation adopted is largely conditional. Some information is given 
in a concise form. 

Most information centers on instruments and methods; the 
rollov;ing chapters expound on these instruments and methods with 
continuity. This is especially true of compensation 
methods and the auxiliary v.'all method, on which the following- 
chapters are based. “ 

Less attention is given to indirect measurements in differ- 
ent autonomous regions, for example, infrared techniaues. Finallv 
technical problems of instrumental applications are examined in 
a most compressed way. 


1. Use of Energy of Change of State 

Calorimetric measurements serve in determining the energy 
of state changes in matter over a wide range of physical pe^a- 
meters to an accuracy no worse than 1 percent. 

Transformations of the solid phase into the liquid phase 
and back again are especially convenient for physical experiments 

Numbers in the margin indicate pagination in the foreign text. 
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The heat of neltinc can obviously be recommended for use in 

quiescent conditions of measurinn weak f f ’ 
Bunsen, Voloshin, and Dushin-Nikolayevskiy . But in those cases 
when unmonitorable mass transport is superimposed on hea.trans 
fer (Kleyn and Tkachev), use of the heat of fusion can cive 
only quantitative results. 

The advantages of determining the amount of energy the 

amount of evaporated or condensed duri^^^^ 

property of substances preserving their isob. ricity during 

thermicity and vice versa. Because of this, by 

same pressure with relatively simple un seo-L- 

of tempe”atures can be achieved; this permits setting up * 

?ing pK-t?noL with zero thermal flow, that is, insulators that 

are near-ideal. 


One of the first successfu 
calorimeter is described in / 8 
different bodies, metals and al 
body is heated for a long time 
quickly placed in a vessel cont 
the boiling point. Ethyl ester 
the low-boiling liquids . ihe h 
is estimated from the volume of 


attempts in building a steam 
7, To find the heat capacity of 
Toys in particular, a preweighed 
in a high-boiling lio'i'.d, then 
aining a low-boiling liquid at 
and acetaldehyde are used as 
oat of cooling of the test body 
evaporated liquid. 


In 1887 Bunsen proposed a steam calorimeter in which the 
heat of reaction is determined from the amount of liquid con 
densed on the body . 

Annlvin^^ the heat of vaporization is widely in practice 
toda/'^'J'^sWnSarcirzed supplj of enar-, 1= afforded ordinarily 
by the condensation of steam. _ To measure the ’ 

the test section is enclosed in two coax ‘ ^ the 'same 

^?^L7r:?^^^S^rfforS1hfSlfa■’r?^^^?nrafroulrnra?e ^rofner- 

c5nden?ate^s removed from it separately and under measurement. 

Shf Lfunrof condensate at known steam parameters we esti- 

mate the heat flov/ . 

Superheating the steam a few degrees 

SructSral Scrs^oilnS jS^?heSLr conSSSkvity^are determined 
i^^drY r’-n" experiments of the installation. This arrangement 
u4d ^n studying heat transfer to the air within the long^^ 
tube 7229/ and by studying heat transfer when 

of ?lat Flates hLted from within with condensible steam 7 . 127 . 
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^i^^^culties cropped up because of the need cf sectional- 
lt;u.nc steam heatinr- to £*et the local characteristics. Drev; and 
Kyan /l^b/, m studyinn heat t.^ansfer from the surface of a 
cylinder transversely swept by air, divided the cylinder into 
compartments and measured the flov; of condensate from each corn- 
par vtnent separately. They were able to get the flov; values 
averaged over fairly large areas. Similar_mothods were apolied 
also by other researchers /15, 97, 99, 276/. 



Fig. 2 Steam calorimeter 
for determining thermal 
conductivity : 

1. internal coil 

2. removable coil 

3- vessel of removal coil 
instrument housing 

5. central vessel 

6. test specimen 

7. heated p’ate 

8. graduated cylinder 

9. silite heater 

10. thermal insulation 


I-'easurement of the heat flow 
from the amount of evaporated liquid 
is U£ed_in the instrument described 
in 7237/ for determining the coeffi- 
cient of therm.al conductivity by the 
plate method (Fig. 2). Housing H 
filled 'With boiling liquid serves 
as the chiller in the Instrument. 

The central vessel 5 has separate 
steam removal; the steam is directed 
to the rem.ovable coil 2. The volume 
of the condensate for.med is measured 
with graduated cylinder 8. Steam 
from the circular (guard) part of 
the vessel condenses on the cooled 
coil 1 in the top part of the '/essel. 
A similar device 'was proposed for 
determining the coefficients of 
uhermia.: conductivity of vacuum insu- 
lation material's v;ith different mioch- 
anical loads /907. 

A similar method was used in an 
investigation of intensifying heat 
transfer in the tube because of in- 
serts perturbing the air flow and 
in a study of heat transfei* from, 
the air to the tube in the case of 
large flow rates /99, 107/. 

The- amount of evaporated licuid 
•was recorded either from the volume 
flov; cf the feed liquid or from 
the vcl'u:;>e flow of liquid condensed 
into G t . 


the 
does 
to 1 


The error in heat flew measurements relylnr on th<^ use of 
energy of transformations of the states of natter usual'y 
not exceed 5 percent. Sometimes the error can be lower-d 
percent in calor'imotric r.-easurer;ont 3 . 



2. Liquid-Enthalpy Method 

This method is based on the fact that v;hon acted on by a 
measured heat flow a liquid cooling a receiving vessel undergoes 
a change in enthalpy. It is used Just as often as described in 
the preceaing section. The two methods differ in that, for 
determining the change in the cumulative enthalpy, besides the 
volume ilow of the cooling medium the change in temperature 
must be measured. Doing the latter invol es sizable diffi- 
culties: where the measured heat is supplied (or removed), 
the temperature is Inevitably distributed unevenly in the cool- 
ing medium; but if the medium succeeds in being mixed fairly 
well, losses and perturbations have an effect. 
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1 . 

instrument housing 

6. 

2. 

Dewar flask 


3. 

calibration section 

7. 

li. 

receiving-absorbing 

section 

8. 

5. 

therm.ometric device 
at inlet 



thermometric device 
at outlet 

inlet of cooling water 
outlet of cooling water 


When radiant energy is measured in the atm.osphere, use is 
made of the so-called water-jet actinometer that !•/. A. Michel- 
son proposed in 1900 and that C. G. Abbot (Fig. 3) developed 
in 1905 . The receiver was made in the form of a hollow conical 
model of an absolute blackbody bath.^d by water. To reduce the 
errors of m.easurement, the temperature of the cooling water is 
kept at the ambient air temperature. 

In the United States and Latin America,n countries the 
v;ater-jet instrument is regarded as an absolute instrumeter: 
all actinometric Instruments are com.pared v/ith it. The accuracy 
of these m.easurements made with accuracy customarv for astrono- 
mers can be Judged from the following quotation /lO/: "The so- 
called verified Smithsonian scale of 1913 , based on measurements 
with two absolute instruments— water-jet and water-jacketed 
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pyrheliometcrs , provided approximately 2.5 oereent overstated 
values; this was arrived. at by Abbot and Aldrich on a new elec- 
trically compensated pyrheliometer in 1932. Comparison with 
data of the Angstrom compensation pyrheliometer disclosed yet 
another large difference; hov.’ever, here we must take into ac- 
count the correction for thermal conductivity in the Angstrom 
pyrheliometer. After allowing for the correction, this differ- 
ence will be 2. 3-2. 4 percent. .Measurements bv other kinds of 
absolute instruments give the sam.e correction values. Thus, /lO 
data of the 1.^13 Smithsonian scale at present must be decreased 
by 2.4 percent.” 
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Fig. 4 Perry v;ater-.1et 
calorimeter: 

1. receiving plate 

2. calorimeter housing 

3. inlet connection for 
cooling v/ater 

4. stuffing box of differ- 
ential thermocouple 

5. outlet connection of 
cooling water 


Perry /30^/ used a miniature w 
shown in Fig. 4. 


Nonetheless the measurements 
of Aldrich and Hoover, m.ade in 
1952, differ only by 1.8 percent 
from the 1913 data. In 1956 the 
"International Pyrheliometric 
Scale of 1956 " was adopted in 
Davos; according to it, data of 
the initial Angsti’om scale must 
be increased by I.5 percent (the 
correction for thermal conducti- 
vity), and the data of the 1913 
Smithsonian scale must be reduced 
by 2 percent. 

So the joint efforts of all 
actinometrists with a large number 
of instruments and observations 
taken at many observatories in 
the world for more than a century 
made it possible to bring the 
accuracy of measurement of the 
radiant Incident flux to 0.5 per- 
cent. More exact data are ac- 
cepted on agreement. In the 
technical measurements the errors 
of this method are usually con- 
siderably, sometimes by one 
order of magnitude, higher. Let 
us look at some examples. 

In studying heat transfer 
from a >iot gas jet to a 
cooled plate, in various condi- 
tions of jet streaming, K. P. 
ter calorimeter; its layout is 
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The plate swept with the hot jet is cooled with runninc 
water. The calorimeter proper (a 16.5 mm diameter metal oluc) 
is inserted into an openinc in the plate, on a 0.1 mm thick 
mica hoat-lnsulatlnG pad. The rise in the temperature of the 
water cooling the calorimeter is measured with a chromel-con- 
stan battery of ^0 therm.ocouples . In a standard copper-constan- 
tan thermocouple the copper is replaced with chromel — to reduce 
heat losses. The calorimeter body is made of an acrylate plas- 
tic perspeks, which conducts heat poorly. One merit of the 
unit is that the temperature of the calorimeter surface does 
not differ from the temperature of the ad^lolning plate areas. 

So the calorimeter does not introduce perturbations into the 
thermal and hydrodynamic patterns of the test phenomenon. 

When the heat transfer from the hot air to the cooled tube /II 
was investigated for the case of high subsonic velocities by V. 

L* Lel*chuk, he measured the trend in the cooling v;ater temper- 
ature along the__tube and from its derivative local heat transfer 
v/as estimated /15V. Compressed air was injected into the water 
for bettor mixing. The heat balance was reduced to an error of 
+5 percent. Taking note of the arduous, experimental conditions, 
the measurement accuracy must be considered as high. 

To verify the analytical method of calculating the flows 
from the readings of two thermocouples embedded at different 
depths in the wall oT a rocket engine nossle, when determining 
heat fluxes of approximately 105 W/m^, a. Witte and E. Harper' 
used a device similar to the Perry calorimeter /332/. The* cal- 
orimeters were copper shells i\'ith envelopes of polyester resin, 
for organised flow of the cooling medium. The volume flow of 
v;ater through each calorimeter was measured with a truncated 
Venturi cavitation nozzle, and the temoorature rice--with chro- 
mel-constantan differential thermocouples. 

V/ater-Jet instruments v/ere used for varied pu'^poses b’' V. 

S. Dvernyakov and V. V, Pasichnyy /lOO/, S. S. Filimonov, 3. A. 
Khrustalev, and V. li. Adrianov /22F7, A. B. Willoughby /3307, 
and others. “ “ > 


3. Electrometric Method 

Electric heaters are often used in experimental practice. 
Their advantages are the simplicity of control, compactness , 
and high accuracy jn measurini' the energy supplied. For a mon- 
itorable heat flux in the surface area under study there is need 
for reliable insulatlonj this can be obtained by using prctec— 

^ud compensation heaters. Organization of effective moni- 
toring of heat losses complicates the experiment atid makes the 
unit cumbersome. 
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One of__l-.he first successful proposals is credited to M. V. 
Kirpichev /129/ . In studying; heat transfer from a transversely 
sv/ept cylinder, he had it placed tightly acainst platinum strips 
making up a rov/. Each strip simultaneously functioned as a 
heater, calorimeter, and resistance thermometer. Since the cyl- 
inder was entirely surrounded with heaters, heat loss from the 
strips into the cylinder-base body could be neglected. 

Similar measurements were made by A. S. Sinel'nikov and 
A. S. Chashchikhin: they lined the porcelain cylinders with 
nichrome strips /207^/. 

In studying local heat transfer from plate to air in the 
case of large subsonic velocities, B. S. Petukhov, A. A. Detlaf, 
and V. V. Kirillov wound around a framework_of delta-wood thin 
(0.25 mm) constantan ribbon 10 mm wide /180/. The gap (0.5 mm) /12 
between the turns was filled with toothpaste. Copper-constantan 
thermocouples were secured to the ribbon with a thin layer of 
BF~2 insulating cement. The specific power v;as estimated from 
the current passing through the ribbon, and from the voltage 
drop. Because the resistivity of constantan does not depend on 
temperature, the voltage drop was adequately measured when done 
only at two points . The ribbon thermal conductivity was neg- 
lected. The measurement errors did not exceed +2 percent. Of 
all the methods examined, this one is the most reliable. 

V/hen he investigated heat 
transfer from a rapidly rotating 
disk to air svjeeplng around the 
disk in pointed Jets, L. A. Kuz- 
netsov used a miniature e^ec^rical 
heater, shown in Fig. 5 /151/. 

\7elded into a copper case, 10 mm 
in diameter, in its center v;as a 
constantan rod; around it the 
electric heater was formed in an 
insulating compound. From the 
constantan rod and the copper case 
stretch the corresponding like- 
valuud conductors of the thermo- 
couple measuring the temperature 
of the swept surface. The case 
was pressed into a slab of heat- 
insulating material; but the losses 
were found to be so large that they 
had to be determined in "dry run" 
experiments as a function of the 
calorimeter temperature. 


Mill I 



Fig. 5 L. A. Kuznetsov 
electric calorimeter 
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In studyinf^ heat transfer in rrembers of different kinds of 
machines, T. G. Sorgiyevskaya /20^/, V. A, Mal'tsev /l587, R. A. 
Seban /31^/, and other investigators made similar measurements. 

In measuring local heat transfer from a uniformly heated sphere 
to a forced flow, Brown, Pitts, and Leppert /357 assembled models 
of spheres of separately heated sections. The sphere consisted 
of 11 copper segments all the same in height (3,2 m.m), separated 
with 0.25 mim thick teflon interlayers. Nichrome heater spirals 
v/ere Insulated v.'itw m;agnesiuni oxide and laid in stainless steel 
tubes. The heaters v.'ere laid tightly in circular grooves in 
each segment and connected in series with each other. The pov/er 
values of the heater elements in the segments v;ere the same; 
for the same lateral segment surfaces this was responsible for 
the constancy of the flov; recorded from the spherical surface 
(the authors neglected the temperature effect on electrical re- 
sistance). To determine the local heat transfer coefficients, 
an iron-constantan therm.ocouple was mounted in each segment. /13 
The emf measurement scheme allov/ed connecting each thermocouple 
counter to the thermocouple measuring the temperature of the 
incident flow. The flow interval was (2.2-12) *10^ v;/m^ . In 
most of the experiments the error due to axial heat overflow 
did not exceed 5 percent and only in individual cases did the 
error clim.b to 15 percent (for small Reynolds' numbers). 

Electric heaters standardised as to power values are used 
in measuring thermal conductivity in several metrologically 
legalised methods /IS 6 /, in the method^ of A. B. Golovanov /9’07, 

Ye. S. Platunov and V. V. Kurepin /I 8 V, B. N. Oleynik, T. Z.“ 
Chadovich, and Yu. A. Kirichenko /175/, V. G. Shatenshteyn 
/239/, and others. 

As a rule, electrom.etric units are used also in compensa- 
tion circuits, examined in Chapter Nine of this book. 


Dilato-resistometric and Thermoelectric Methods 

In 1800 , when investigating the distribution of the density 
of incident energy in the solar spectrum, 3irJ.7illiam Herschel 
used a high-sensitivity mercury thermometer /210/. 

In 1825 D. Herschel used the blackened receiver of a mer- 
curcy thermometer in measuring solar radiation — this instrument 
must evidently be regarded as the first pyrheliometer . 

Later, Arago and Davy /9 , 1^7 proposed pyrheliometer designs 
in whose basis two thermometers were embodied, differing from 
each other by the fact that the receiver of one was blackened, 
and the other v;as loft shiny. The I'ecoivers v;ere arranged in a 
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weasurlng stacks directed downward. Both receivers are 

?alue '"^=>=="red. The f?ow 

the readinrs of thp difference in the measurements of 

eaaings of the tnermometers occurring during exposure. 

it Id^n sSvuHt 

frame bearins the thermometers Is placed on a pa^Iuai sland. 
Poul?.iet designed a water-filled metal vcc.oa1 ki., i 

in the western hemisphere to the present time. ^ 



Fig. 6 ■.■!. 

1. bimetal plate 

2. quartz filament 

3. extension 


ac tinometer : 

reflecting shield 

5. receiving window 

6 . n:i croscope 


A. Michelson 


/li| 


a masSvf ?r^h°e lln. 

thermometer bead is nl^-ced ^ ^ wnicn tne 

IS lined with mercury ana for the 
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mercury not to dissolve the silver, the thermometer and the 
mercury are in an iron capsule dead-end pressed into the silver 
receiving body. The silver disk, the massive blind with several 
diaphragms, and a special angular thermometer are mounted on a 
parallax stand. 

Other dilatometric systems, finding service in industrial 
thermometers, have also been used as thermometric x’eceiving 
units in radiometers . 

Employed quite widely, particularly in the USSR, is the bi- 
metallic actincmeter proposed by V/. A. Michels^on /l6o7 and later 
improved by his students and his successors /120, 2H6/. Basic 
to the instrument (Fig. 6) is a thin (several- tens of micro- 
meters) bimetallic (invar-iron) strip 1, located in a copper 
cylinder with a v/indow 5 through which the exposure is made. 

By one side the strip is rigidly mounted on the housing, and 
by the other the extender 3> extruded of approximately 10 pm 
thin aluminum foil, is mounted by a boxlike cross-section. 

The detection strip is blackened by one of the accepted methods 
/l87. At one end the extender has a shield v/hitened vjith 
hydrated magnesium carbonate and a quartz filament 2. During 
exposure, the bimetal plate is heated and its bending is recorded 
from the displacement of the quartz filament in the field of the 
microscope 6 mounted in the copper housing. The theory of the 
VJ. A. Michelson v/as elaborated by S. I. Savinov 7198/ . 


Reproducibit, 
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Fig. 7 M. N. Kalitin mono- 
metallic actinometer 


K. Buttner 725^7 worked out 
a version of the Michelson acti- 
nometer; in it, a panel with a 
receiving bimetal plate contains 
t’wo more bimetallic sections, 
located during the exposure in 
the shadov/ and compensated against 
the receiving plate VJith change in 
the temperature of the actinometer 
as a whole. The scheme of the 
temperature compensation of the 
Buttner actinometer was used in 
the Movogrudskiy actinometer. 

Expansion of the monometal 
plate v;as used in ^he_N. N. Kal- 
itin actinometer 71187, schema- 
tically shov/n in Fig. 7. Mounted 


on the invar support is a blackened constantan ribbon. In its 


middle section this ribbon is stretched toward the side with a 


spring. When the ribbon temperature rises, its deflection 
pointer swings over under the action of the pulling force of the 
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spring. The shift in the deflection pointer is recorded by an 
indicator. The ribbon is mounted on insulators; because of this 
the instrument can be calibrated from the pov;er of the electric 
current passed through it. Given the thin ribbon thickno.ss, the 
end effects owing to thermal conductivitj' are insignificant. 
Constructed on this same g^rinciple is the V. D. Tret'yakov mono- 
metallic actinometer /22£/. 

V/ith the advent of thermocouples, the dimensions of the re- 
ceiving bodies of the radiometers have been considerably reduced. 

The electrode cross-section was gradually brought to, several 
square micrometers; as this was being, done, the inertia of the 
thermocouples began to be measured in microseconds. Series con- 
nection of the thermocouples into so-called thermopiles and the 
considerable improvem.ent in the galvanometers made it possible 
to raise instrumental sensitivity. 

The sensitive thermoelectric elements are widely used in 
radlometry /T20, 126 , 2^467. In particul,ar^ the S. I. Savinov 
instrument is employed in actinometry /197/; for m.easuring the 
heat fluxes passing through the walls, of combustion chambers 
in rocket engines — the radiom.eters of D. P. Sellers_/20£7, G. 

Ye. Ozhigov., V. G. Smirnov, and Yu. A. Sokovishln /173/, and 
others . 

Ordinarily, the receiving strips are blackened; but in some 
cases the value of the flux measured is so high t»iat its ab~'"’rp— 
tion and removal are made difficult. To reduce the absorption, 
the receiver is sometimes made with high reflectivity. 

As an example, vie can mention the N. I. Alekseyev-L. M. 
Shestopalov calorimeter /l67 for m.easuring laser ray energies. 

Boys in ]88? suggested short-circuiting the thermoelectric ^ 
circuit and, by placj.ng it in a magnetic field, using it as a 
galvanometer frame /H, 2107. A schematic drawing of this device, 
which the author called a microradiometer, is shown in Fig. o. 

The frame is suspended on a quartz filament; at the sair*e strength 
the quartz filament is much more elastic than the metal suspen- 
sions of galvanometers. Because of the decreased electrical re- 
sistance down to a minimum, the microradiometer — £iyen the same 
area of the receiving plate — has the highest sensitivity ofpre- 
sently known instruments. The large inertia and the capricicus- 
ness of instrument handling, as v;ell as the coriiplex manufac inur- 
ing technology limit its wide application. 

By increasing the sensitivity of the mirror galvanometer 
through focussing the reflected light spot on a secondary dif- 
ferential thermocouple, Moll and Burger in 1925 found the 



REPRODUCrBIUr/ OF Tili: 
ORIGINAL PAGE IE POOR 


10-11 i/Ji instrument to be approximately 

/289-2q( 7^’ r resistance of approximately 100 obms 

amDirr?l^;. f®'’’ applied in photocompensation 

tu?ed electriLrins^rump^^^® sensitive series-manufac- 

ectrical instrument's are equipped with these amplifiers. 


Fig. 



8 Boys microradiometer: 


In waveguides thermoelec- 
tric and calorimetric series 
devices are used for recording 
intense long-v;ave fluxes. Com- 
plete and detailed descriptions 
of thermoelement designs are 
presented in the monograph of 
R. Smithy F. Jones, and R. Ches- 
mer /210_/ and in extensive art- 
icles by Ceiling /2687 and 
R. Stair 7317/ . ~ ~ 

Detailed bibliographic 
references on the sensitive ele- 
ments of infrared detection sys- 
tems are given in the reports of 
J"'.! '''OlF 7 3337, R. G. White 
73297, and ^K Kimmitt 71277. 

A radiometric system in 
vjhich change in temperature under 
the effect of measured radiation 
IS recorded with a resistance 
thermometer is called, on Lang- 
ley 's suggestion, a bolometer 


1 . window 
2 . . mirror 
3. circuit-frame 
magnet 

5. housing 

6. receiving area 

7. therm.opile 


xv^dely used in radiometric 
7l6l, 162, 166, 2307. The 
simplify the task of buildi 


in addition to thermoelec 
trie systems, resistance therm 
meters are used successfully 
and in some temperature ranges 
the practical temperature seal 
is metrolcgically replicated. 
S^nce the sensitivity of these 
systems is sufficient for reco 
^Ing a temperature change oc 
lessthan 0.001 deg, they are 
and especially spectrometri c system; 
advent of thermistors did much to 
ng v;ideband radiometers 73^227. 
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??c?em-neLJrarcJJe°? J?V"Snu'r ‘^“^"'■atu^e'coo?- 

resistances /211, 2137?^ ^ roa^nitude higher than for wire 

resistance v/ith'^temperature'^^it relationship of 

metric temperaturrSiflers . Possib:,. to use bolo- 

vacuum'’L7?h‘e'?o?;™i®r?““ <=len.a„t in 


'’o.l+P.,M=*P''-rt). 


Where ^ ^ is -electrical losses, P 

mea 


(I.l) 

is the measured power of 


mea ^ measured powe 

absorbed radiation, and T„ Is the ambient temperature. 

as posslblei^ fc7a^minlmum^ the electrical losses tend, as far 

Pe 1 1 =^ expended ifrSs“nr tfe rec^? losses 

e.l ^ raising the receiver temperature. If the 

?araS‘cr‘’Th^ ■’ePPesented mainly in th« me---re-’ 

thermal ampllficatio” S7ih7iS"|i?“" "" reEarded as a kind of 

ture rSnBe.“hrrL\San«%\rK°appSxImaJ^ Sr^hrequ^Sor®' 
?0 sf ttaJ°th‘e%Sur‘ temperaturi 


can be satisfied. 


JlR = k(T*~Ti). 


(1.3) 


In this case, v/hen the receiver cu^r- n~ t - x ti. 
rature will he i ' ,.,k„ t . ; ~ “fj* receiver 

When I > Iq, tHe system is 


— wmrjrt LllC? r0C01 

temperature «11 be indeterminate. , 

an avalL^ho-\i&^vfy^to*^^'U^^?c^ th^ receiver is heated in 
from the function (V. 2 ). ir i < f ?k deviation 

in^rSL^^S^? ?LalS!:e”d"rpS, 4 ;' “ ^ 

J?7inor: T' -^s%;?i?if-LlinT;lSs%% 

POn'dinE tS .d^eoTnleisurej )?En.?rL“'’?ho"conjIL;Sb"le; bSt 




n lT{ OF ‘THS 

Vo POOtl 

limited, heatinc of the receiver by means of electrical losses. /l8 
Unfortunately, Eq. (1.2) can be satisfied only in a very narrov; 
temperature range, therefore these amplifying circuits have not 
yet far found practical application. 
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5. Evaporographic Method 


One of the first attempts at recording images in infrared 
illumination by the evaporographic method v;as successfully 
achieved by M. Czerny /2597. Characteristic of the Czerny ex- 
periments is the elaborate thought and simplicity of the equip- 
ment (Fig. 9). The v/orking chamber is formed in a 50 mm dia- 
meter glass tube 2, 150 mm in length. The upper edge of the 
tube at the burner is fitted to a cork 1; the lov;_-r edge is 
polished and a celluloid membrane 5, 0.5 yrn thick, coated from 
beneath v;ith turpentine black by the Rubens-Hoffman method, 
is secured to the lov;er edge of the tube.. 



Pig. 9. M. Czerny infra- 
red cham.ber: 

1. cork 

2. glass tube 

3. heatii.g spiral 

. evaporation vessel 
5. receiving membrane 


tion vjere recorded. 


A miniature glass test tube 
^ filled with camphor oil, naph- 
thalene, or some other heavy hydro- 
carbon is suspended in the chamber 
on heating spii-al 3. 

Heating spiral 3 is switched 
on to prepare the chamber. The 
hydrocarbon filling the test tube 
melts, gradually evaporates, and 
settles in a thin layer on the 
cham.ber walls and the celluloid 
membrane 5. Test tube heating 
is ended v;hen the white settled 
mattelike layer evenly suppresses 
its ovm Interference film pattern. 

VJhen the image is exposed on 
the blackened side of the film, 
from the opposite side of the film 
cam.phor sublim.ates at a rate that 
is proportional to the energy il- 
lumitiation of the section. Thus 
the first long-lived visible imiages 
of objects in infrared lllumlna- 


In his studies, M. Czerny made mention of D. Herschol, v/ho 
in l8iJ0 had recorded a visible image of a pattern in infrared 
illumination by exposing it on filter paper soaked v;ith ethanol, 
evaporating factor from the more illuminated areas. 
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The technique of r.akins celluloid films blacked with car- /IQ 

descrip?LS^/ls87^''«^^ according to M. CzernyT, 

aescrlption /2587, amounts to the following. The film is ob- 

thickne-s deneiri? cellulose nitrate varnish on water; film 

^ ^ ^ water temperature. From the v ater the 

thf ^ rem.ains a bubble-free v;ater interlaver and 

pendent. Then the flit. Is snicked In a tSpinUne 
interlayer befween the film and the gTa-’s pro- 
ness"o?°?J ® needed^for the carbon black to settle, fhe^even- 
the carbon Dj.ack coating is monitored visually and the 
absolute thickness is determined w.ith referencrsamples Lm- 

bUcri^,°elEhed!^ dissolved Ip acetone and the parted iarbon 


Cprny determined the spectral permeability of ca 
black-coated celluloid films /2587. For example, for the 

the ^ thickness of 3^.2 mg/decimeter^ 

the following transmission spectrum: 


rbon- 
case 
there is 


Wavelength, }.m 09 

Permeability, percent o!o 


^4,4 

1 . 8 - 


52 

50.7 


92 

67.7 


density of the carbon black coating was increased 

S.f c"frnv"L'l!:f°S heslns to cSSHdl?-’ 

j ^ C/..erny pointed co tue possibility of obfcplrrinfr 

a narrow-band infrared image with a light filter con^’istinm of 

density of carbon black coating. ^The 
short-v/aye region is captured by the first film and the lonc- 

SrsecSd"h?rn!"'’ ^ absorbed band, is transmitted by 

Of ni^h%^;isio^."i-^^^ 

^°^‘^PfCtral analysis of long-wave'radiatiJn /T 02 , 
tih sensitive element was alsS i ve^y 

lule membrane placed in a chamber at a pres- 

n?nL h„ 1 • The pressure in the chamber is deter- 

film^nn^t-^^*^ vaporizer regime. The thickness of the oil 
oil celluloid membrane depends on the pressure of the 

tlin or ®^'^P°^°craph chamber and the energy illumina- 

tion of the membrane section. For visual observation of thT 
patterns exposed in infrared illumination, the oil film i'' 
^lluminated with -cold" visible light. ?herLolvl nr power 
IJ lines per min when the temperature difference is 
0 degrees. From the colors of the interference fields; u-irh 

?er?on''''«nf?hn ""timate the energy illumination of the 
° ^ ^ means also the density of the incident energy 

Some pre-excited phosphors, when acted on by infrared radiation. 



begin to glcv/ In the v'isible region of the spectrun. Thjs pro- 
perty was taken as the basis of a r.etascope /P15, 1607 and can 
be used for comparative estimates of fluxes of long-i7ave energy. 


6. Pneumatic and Optical Methods 

Underlying the instruments classed v.’itli 'jhe pneumatic 
method are the gas thermometers, exhibiting the highest sensi- 
tivity and accuracy of measurements /I 86 , 27^7. 



Pig. 10 Golay 

1. light source 

2, 7. gratings 
3) 6. memb’^anes 


cell arrangement: 

channel 
5 . v/indov; 

8, photocell 


In contrast to metrological rra 
of the receiving chambers of pneuma 
energy usually do not exceed 1 cm^; 
is 10~-J J/deg. These small values 
cities of the thinnest (0.02-0.5 pm 
v/orking volumes and make it possibl 
to achieve decreases in the time co 
The temperature sensitivity can be 
an instrument is designed for long 
100 s, this makes it possible to re 
of the order of 10~^*^ V.'. 


3 thermometers, the volumes 
tic indicators of radiant 
the cumulative heat capacity 
correspond to the heat capa- 
) film enclosures of the 
0 , for large flux values, 
nstant dov;n to milliseconds, 
brought to 10“5 der,. V.’hen 
exposures of the order of 
cord negligibly v/oak fluxes 


To 


Gases absorb radiant energy only in narrov; spectral bands, 
extend the absorption spectrum, the recelvlnf-, chamber is 


720 
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filled v;ith a fluffy absorber (v/ith 
aniiJial orifiin) and by subseoi'en^ hea 
This carbon "down", at. Moderate heat 
ficant absorptivity and its presence 
than inertia in the instrument. 


the finest dov;n of plant or 
t treatment it is carbonised 
capacity, exhibits sicni- 
increases sensitivity more 


metrJ differential therrr.o- 

^ ,n^^3 / exercised by two s cavities, each about 

connected to each other with a channel that has 
Hof large cross-section so that its hydraulic drag 

^ marked effect, and its volume compared with the 
working chambers is small (Fig. 10) /T02, 2107. 

. receiving chamber is covered with blackened membrane 

.^‘^^'^‘Sfsured radiation passes through a halite (rock salt) 
windov; 5, is absorbed by membrane 6, and heats together v;ith 
the membrane the gas enclosed in the receiving chamber. Heated 
gas, on expanding, causes the mirror membrane 3 to sag. 

about the membrane construction is contradic- 
alumi'nJoH membrane is a 0.01 pm thick collodium film, 

fc A rc.sistance of a unit area 

is 270 ohms. ^ And the m.embrane remains flexible and adecuatelv 
reflects light. The receiving membrane is also collodium and 
is coated with antimony black. 



Pig. 11 Pneumatic receiver 
of radiant energy of A. A. 
Sivkov and V. V. Oud: 

1. glass housing 5. absorber 

2. electrodes 6. strain 

3. v/orklng chainber gage 

membrane foil 


To eliminate the effect 
of slov; change in atmospheric 
pressure, the instrument 
cavities are connected to 
the atmosphere with a capil- 
lary of small enough cross- 
section such that the working 
pressure in the chambers dur- 
ing the measuring time can be 
reduced by a negligibly small 
amount . 

The system of photopneu- 
matic amplification is con- 
structed so that, with a plane 
mirror membrane, the light 
passing from source 1 through 
a condenser and openings in 
grating 2, on being reflected 
by membrane 3, is incident at 
the "bai-s" of grating 7 and 
does not reach photocell 6. 

The grating spacing is eight 
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lines per mn. For the sr.allest curvatures of the mirror mem- 
brane,* the licht bands reflected by it be?;in passing through 
grating 7 to the photocell; its current is recorded v/ith an 
automatic recorder. 

Inform.ation about manufactured Golay cells is limited. 

V/e can state with good certainty that they are used to record 
the threshold sensitivity of about 2-10-9 W, for a resolving 
frequency of about 30 Hz. The data presented on the sensiti- 
vity of 10“^9 \.i at a frequency of 2 kHz are not reliable and, 
it appears, v;erc obtained by successive . uperimposing of 
extrapolations in which, as vie know, information entropy rises 
significantly. The OAP-1, OAP-2, and OAP-^) radiation receivers 
are similarly constructed. 

A. A. Sivkov and V. V. Gud /^067 (Fig. 11) proposed a sim- 
plified design of a pneumatic receiver. Radiant energy heats 
absorbing body 5, and beyond it also the air in the chamber 3; 
on expanding, the air presses on membrane . This leads to a 
change in the electrical resistance of the strain-gage foil 6. 

In -working parameters the first instrument vjas much infer- 
ior to series-manufactured OAP receivers. Still, we can under- /22 
stand the authors' hope of possible improvement in all charac- 
teristics, in particular, through combining the strain-gage 
effect v/ith the bolometric in the strip carried on the mer.brane. 

The effectiveness of using the v/orking volume in this instru- 
ment must be greater than in the Golay cell. 

As the sensitivity Increases in pneumatic receivers, the 
time constant also grows larger. The relations between sensi- 
tivity and inertia w£re_explored in detail for these receivers 
by N. A. Pankratov /1?6/. 

The optical method of investigation proposed by E. Shmidt 
and carried out by V. S. Zhukovskiy, A. V. Kireyev, and L. P. 
Shamshev /i087 only indirectly resembles the above-described 
methods. V/hen light propagates in a compositionally homogeneous 
medium, its velocity depends on the optical density of the me- 
dium; in turn, the optical density is a function of the mass 
density, and thus, of tempei-ature and pressure. VJhen there is 
a mass density gradient, any light ray not parallel to the 
density gradient vector curves toward the side of greater 
density of the medium. 

In all cases when there is convective heat transfer, in im- 
mediate proximity to the heat transfer surface there is a lami- 
nar sublayer in v;hich heat transfers by means of thermal con- 
ductivity. For small projections of the pressure gradient on 
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a perpendicular to the heat transfer surface, the relative den- 
oit-y (gradient will equal in niaj;nitude the relativ'e temperature 
gradient, but is opposite to it in sense. 

, The relatively short cylinder investigated was illuminated 

With a narrow circular beam of carallel rays of light. Devia- 
tion of the rays was recorded on a film sufficiently distant 
from tne output (for the light rays) face of the cylinder. The 
angle of deviation of the rays at the output v;as proportional 
to the temperatu.’e gradient in the sublayer, and thus, to the 
heat flux passing through the cylinder surface at the given 
generatrix. The measurement proved to be correct if the rays 
did not extend beyond the boundaries of the laminar sublayer 
and if the regions of the end-face perturbations were small, 
in fact, the heat balance was satisfactorily reduced only for 
small fluxes. For large fluxes, the heat balance could not be 
recorded, to a large extent. This is explained by the fact 
that corresponding to large fluxes is the early exiting of the 
beam from the boundary sublayer in the region of reduced den- 
sity gradient. 


7 . Inertial Calorimeters 

The first calorimetric instruments (Lavoisier, Lanlace, 

Bunsen, and others) v/ere Intended for determining heat capa— 

from the amount of heat liberated and from the tempera- 
ture change. The availabilitj’ of information about heat capa- 
city lets us measure the amount of absorbed or lost heat from /23 
the change in measuring body temperature. Foi' actinometric 
purposes this instrument was first used by D. Herschel /I, 97 , 
and later Abbot developed instrum.ents__that have found applica- 
tion up to the present time / 126 , 2^^/. 

To estimate the field strength of heat flows in steam 
boiler fireboxes, M. V. Kirpichev and G. M. Kondrat'yev deve- 
loped a fairly simple device: it consisted of a m.assive copper 
cylinder with a thermocouple embedded into it. The amount of 
heat taken up by the block was measured from the cylinder heat- 
ing time n a specific temperature range, with a known block 
heat_capacity . Later, this device was used bv Eauek and Thrin°- 
7250/, and R. Case replaced the cylindrical form of the flow 
receiver with a spherical shape. 

One deficiency of the receivers described is that they 
cannot be used in determining the sense of the vector of the 
quantity measured. So I. Kasantsev left only one face black- 
ened in an analogous copper cylinder for measuring hemispher- 
ical radiation. All the other cylinder surfaces v:ere insu- 
lated from tlie housing with an air gap. 



Fig. 12 Maulard inertial 
calorimeter: 


_ _I. Kazantsev’s calorimeters 

/236/ are used v;idely in the inves- 
tigation of industrial furnaces. 
Particularly effective applica- 
tion was found for these calori- 
meters by V. S, Kocho /l^V — he 
proposed simultaneously measuring 
v;ith two radiometers that have 
different degrees of absorption 
by the sensitive surfaces. This 
application permits the approxi- 
mate estimation of the convective 
and radiative heat transfer compo- 
nents, on the assumption that there 
is no interaction between the com- 
ponents . 


1 . 

2 . 

3. 


receiving 

housing 

heater 


body 


For measuring fluxes up to 
250 'lo3 VJ/m^ v.'hen the receiver 
temperature was as high as 600° C, 
Maulard /285/ used an inertial 
heat I’eceiver made of technically 
pure gold. Gold was the choice 
for its high corrosion resistance, its high reflectivity, and 
its high thermal conductivity. Tne receiver (Fig. 12) was 
a 25 mm diameter disk, ^ mm in thickness. The irradj ated side 
v;as blackened with high-intensity paint capable of service up 
to 800 ° C; the other tv;o surfaces v;ere polished to reduce the 
radiation losses and heat leakage. The disk was mounted in the 
gilded depression of a massive nichral block of three platinum- 
rhodium rod 0.5 mm in diameter. The gap between the disk and 
the block v:as 1.5 mm. Located in the nichral block was a /2^ 

heater; with it the block v;as heated up to the assumed tempera- 
ture for a certain period before exposure. Because of this, 
the receiving disk was less heated than the housing at the 
start of the experiment. During the exposure the behavior of 
the absolute disk temperature and of the difference between the 
temperatures of the nichral block and the disk vjas recorded. 

The reading was taken at the instant v;hen the disk temperature 
equalled the block temperature, v/hich must indicate the absence 
of heat losses. 


The resultant flux — the difference between the fluxes re- 
ceived by and irradiated by the receiving surface — was defined 
as the product of the mass heat capacity of the receiving disk 
per unit area, by the derivative with respect to disk tempera- 
ture at the instant of recording. The latter was determined 
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indicated, and at 600° C--0 250 j%^ ^ dimensions 

error, as per Maulard-s suggestion n:easurement 

=>-<boescion, was 5-10 percent. 

a review article^y^F^^K^^StemoM ^ described in 

two transducers with ReH /33 87. u4 of 

thP^’fi^ ®^P^^ete the convective\nd^th^°" coefficients enabled 
he flux received. radiative components of 

collar machined from^fused°qSartz^%Q 2 j 7 ” ^ complexly shaped 
measured with a thermocouoip oaii^ 4 ^?-'^' temperature v/as 

was recorded autoS?a?Jfboth ^^s sigLl 

irg. The latter was necps<^arv for* ®^P°^“re and during cool- 
were added to the fln.^ caLtJLeTby1o!™a‘!Sf ^:h°ey 

it ased''the\ne^tirof\''rJce^^ measuring fluxes to 10 ^ -/-2. 
of cooling /296/. ^ receiving plate after bri--^ -- 


W/m‘ 

cessation 
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a pyrex base. The heat- H-^aomum riims deposited on 

the film temperature %;hioh ^ expended mainly in raisint- 

resistance. ^The\"orrec?iSn ?o? heat'"?:!? oha^gJl^"?hm 

Iving the thermal conduct'’ vitv on f^hage v/as determined from 
pyrex base, with four?h-ordS ionnd^^^^°" ^^e semibounded 

of the thickness and material of conditions, as a function 

for the exposure time. H?a? leakage allowing 

10 percent of the measured quaSi?f! ^"^ividual cases was 

ered the rate of chSge ’l^^the^filJ^-e^ Platinum film low- 
adjacent sections of the uncoated ture compared with 

ciable errors in the heat transfer'nrnn ’ introduced appro- 

perinientally very difficult to 5?^ studied. It was ex- 

turbing effect of the retaf the r%r- 

mlned the correction fop the effe.t-^°f ' /'^l67 deter- 

the surface partially occupied bv^th° nonisothermiclty of 

ximate solution of the boundary transducer from the anpro- 

Perturblng effect of this noniLthenn^ allowing fo? the 
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8. Instruments Based on Photoelectric and Radiometric Effects 

i *^^^J’^cteristic of instruments based on photoelectric effects 

tLJil f radiant energy of photons to the 

enerp of the liberated electrons. So the nature of the array 
01 tne phenomena accompanying this conversion differs widely 
irom the nature of radiant heat transfer, receivers in this 
group are little used for calorimetric measuronients . Their 
prime drawback is the large spectral inhomogeneity of sensiti- 


employing the following effects find practical 

application: 

of a photoelectric effect, in which the absorption 

a photon by a thin metal film is accompanied by electron 
emission in the adjacent vacuum-treated or allowed space filled 

internal photoelectric effect, in which absorption of 
radiation quanta is accompanied by the release of free elec-' 
trons capable of accumulating within a solid in the form of a 
noticeable difference in electrical potentials 

internal photoelectric effect, accompanied by a notice- 
able change in electrical resistance. 

Intrinsic to elements in all three subgroups is selectivity 
of reception, so as a rule they are used with narrow-band light 
niters, as occurs, for example, in the FEP-3 and FEP-i< series- 
manufactured pyrometers . 

Ho, ^?0-30 years elements of the third subgroup 

have been widely employed; they rely on the photoconductivity 
® sufficiently wideband receivers wer^ 

present time formulations have been found 
that effectively react to radiation at wavelengths longer than 
10 pm. Granted, aeep cooling to the boiling point of nitrcr-en 
hydrogen, and sometimes even helium must be used /102, 210, 21], 


The threshold sensitivity of photoconductors to monochro- /26 
matic radiation is tv/o orders of mannltude greater than for 
therm.opiles and bolometers, and the time constant is measu^-d 

the signal a^ a frequency in the 1-17 Hz band. 
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Therefore, photoconductors are in service most often for 
measuring the smallest possible fluxes, when the sensitivity of 
the receiving element becomes the principal desired property 
/102, 163, 210, 211, 332/. 


At first, in . Instruments of the radiometric subgroup it v;as 
suggested to estimate the density of radiant energy from the 
pressure exerted on the absorbing or reflecting obstacle. The 
phenomenon of light pressure was noted by J. Kepler as associ- 
ated v;ith Che location of comiet tails during travel near the 
Sun. In 187^< V/illiam Crookes designed a torsion balance; on 
its arm were symmetrically positioned, v/ith respect to the axis, 
identical mica v;afers, deposited on one side with reflecting 
aluminum, and the other — blackened, evidently with antimony. 

The wafers v;ere arranged so that during exposure, one of them 
received the rays v;ith the blackened side, and the other — with 
the shiny side. The actual force was found to be directed 
to the side opposite the expected side and in magnitude was 
much less than the value predicted theoretically. 

In 1899 P. N. Lebedev succeeded in measuring the actual 
light pressure. While relatively weak energy densities had to 
be dealt with, the designs of instruments using light pressure 
failed. ■ Only after the appearance of lasers the application of 
the pcnderomotive effect proved to be so effective that it was 
possible, even v/ithout resorting to vacuum treatment, to build 
torsion balances measuring the energy of a light beam. But the 
radiometric effect had not yet been given an exhaustive quanti- 
tative explanation and took on the significance of a separate 
problem that ha-d engaged many famous physicists. 


M. Knudsen v/orked out the kinetic theory for gas in cavi- 
ties whose dimensions are commensurable or less than the mean 
free molecular path length /260^/. This success led him to dis- 
cover the pressure gradient~in fine-porous bodies coincident 
in direction with the temperature gradient. The new effect en- 
abled Knudsen to be the first to give a qualitative explanation 
to the appearance of the radiometric moment. 


Usually the v/orking rocker arm of the radiometer is in the 
vacuum.-treated space. Betv/een the arm and the aperture through 
which passes the radiant flux under measurement is form a cavity. 

For the case when the mean free molecular path length is large 
compared to the distance betv/een the arm and the aperture, Knud- 
sen v7orked out a theory analogous to the theory of the effect in /27 
porous bodies. V/hen there are no intermediate collisions, the 
molecules reflected from the more heated side of the v/afer carry 
some excess momentum compared to molecules reflected from the 
colder side. The blackened side of the arm during irradiation 
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than on the°shiny°nde*^^'^From"fhi ° fh' Pi’essure on it v;as hifher 
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uum if wM?S Zlulliry t'f "e^'Jurf ff alf ^ ^ -^tin- 

is the same. pressure in all points of the vessel 

pressu?e"dufnf| !onfSSLf radiometric force at a fixed 
device described in meaKrinr Physicists tried to apply the 

to design, the ins!rum!n!s ! inci-ent radiation flux! ^As 

in which the radiometric moment twi!tef torsion balances 
ment, and the measured quant!!! ! : elastic quartz fila- 
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9 . Compensating Radiometers 

Compensating instruments can be classified into one- and 
two-element types. Usually, thermal compensation is effected 
by electric heating. In one-element instruments, by compensa- 
tion heating the elem.ent sensitive to the measured flux ‘ i 
periodically calibrated. Viev:ed from a remote analogy, chese 
instruments are like spring balances, periodically checked 
with reference standard weights. 

Tvjo-element radiometers are constructed on the base of a 
differential calorimeter. The sensitive arm permits control- 
ling the identicalness of the energy supply. One of the ele- 
ments receives the flux measured, the other--compensation elec- 
tric heating. The fundamental basis of these instruments is 
the same as in a double-arm beam balance, so many principles 
of weighing theory /103, 16^7 are applicable to mieasurements 
using compensating instruments, _just as to bridge and compen- 
sated electrical mieasurements /1227. 

The K. Angstrom pyrheliometer is a typical two-element 
Instrument /2H^7. The general viev; and electrical circuit of 
the instrument are shown in Fig. 13* One of the manganin plates 
1 or 2 serves as the receiver of the radiation measured. The 
plate dimensions are usually 19x2x0.02 mm3. They are mounted 
on current lead-ins in an ebonite frame 3 and, on the side 
facing the radiation source, they are blackened on top with 
platinum black to a thickness of not more than 0.01 mm. The 
junctions of the differential thermocouple are soldered with 
insujating lacq'uer on the rear, unilluminated, side, to each 
plate. In some cases the thermocouple Junctions are soldered 
to copper strips, which are cemented to manganin plates. 

• Together with fraine 3, the plates are mounted on an ebonite 
housing 8 using current lead-in rods and are placed in a copper 
tubular sleeve 1^. From the receiving side the sleeve is cov- 
ered v;ith copper fram.e 15 with tvio slitlike opening 23x5 mm^ in 
size. The spacing between the fram.e and the receiving plates 
exceeds 50 mm. Since the dimensions of the frame slits are 
larger than the dimensions of the receiving plates, the instru- 
m.ent has a tolerance relative to the placement angle for measure- 
ment along the vertical of 13° and along the horizontal — of 5°. 

In some cases the frames are m.ade v;ith sm.aller tolerances. Be- 
hind the frame 15 is a valve controlled with hook 18. With the 
valve access can be opened to the measured flux simultaneously 
at two receiving plates or at one of them separately. Both 
plates must be closed with a common cover for balancing tests. 

The current of the differential thermocouple is monitored /29 
with galvanometer 22. In the classical version, only one pair 
of Junctions is used, so the galvanometer sensitivity must be 
quite high. 
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Fig. 13 Scheme (a), and general viev; (b) of 
Angstrom compensating pyrheliometer : 

I, 2. manganin receiving plates 
3. ebonite frame 

5‘ Junctions of differential thermocouple 
6, 7. terminals of differential thermocouple circuit 

8. ebonite housing 

9. common power terminal 

10. selector sv/itch 

II, 12, 13. selector switch segments 
10, 14 . tubular sleeve 

15. panel 

16, 17. instrument sighting device 

18. panel valve hook 

19. stand 

20. 21. adjusting mechanisms 

22. galvanometer 

23. ammeter 

24. ballast resistance 

25. 26. switch 

27. battery 

28. control rheostat 



Pcv/er supply to the pyrhollometer comes from a storage 
battery of a dry cell. The potential difference at the plates 
must be much less than the battery emf. So ballast resistance 
2H is connected to the circuit to prevent scorching. Compen- 
sation heating is regulated with double rheostat 28 . 

The measurements are made by systematically alternating 
the plates. When there is a deviation in the measurements as 
betv/een the plates (allowed only in the fourth decimal place), 
the arithmetic mean is taken as the result. 

For faster measurements use is made of incomplete compen- 
sation, by first determining the scale division of the galvano- 
meter in an unbalanced state. During later measurements the 
corresponding correction is introduced, proportional to the 
deviation of the galvanometer at the instant of reading. In 
this case it is also customary to alternate the plates. 

The compensating pov;er is measured to high accuracy . /30 

Using bridge instruments and reference standard resistances, 
the error in determining the plate heating pov;er can be lovr- 
ered to 0.01 percent. It is much harder to monitor the geome- 
trical dimensions of the plates and the identicalness of their 
thermal operating conditions. In particular, the nonidentical- 
ness of the conditions in v;hich energy is removed by thermal 
conductivity, discovered in 191^ by K. Angstrom — the energy 
being supplied radiatlvely and electrically — led to an error 
of 1.5 percent /107. 

Analogous compensating instruments v/ere developed for mea- 
suring the Earth's radiation (a pyrhellcmeter with four plates) 
and also scattered and total atmiospherlc radiation (pyranometer) . 
Later they v/ere somev/hat improved on by numerous scientists and 
students of K. Angstrom. 

For higher sensitivity, F. Ye. Voloshin suggested that the 
number of differential thermocouple Junctions in the Angstrom 
pyrheliometer be increased to three or four. 

As applied to heat-engineering radiation measurements under 
the Angstrom scheme, but in a specific design formulation, the 
author of the present monograph developed a radiometer for m.ea- 
suring fluxes to 20 kV.'/m^ l3lJ • The D. T. Kokorev radiometer 
/13^7 is constructed on the same principle. Tv;o hollov/ chambers 
TFlg. 1 ^), extruded from copper foil, are placed within brass 
cups, v/hlch are cooled externally v/lth /’unning v/ater. The heads 
of the differential thermocouple are embedded in the walls of 
the Internal copper chambers. The radiative flux enters one of 
the chambers through a relatively small aperture in a massive 
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v/ater— cooled partition. Compensating electric heaters in spiral 
form are placed within the chambers. To compensate for the con- 
vective components, the second chamber connects to the ambient 
space through an angular channel. 

The radiometer is calibrated by irradiating v;ith a plane 
blackened heater v;ith knovm dimensions and temperature. The 
density of the incident flux is calculated from the tempera- 
tures of radiator and receiver, with allov;ance for the geome- 
trical factors and the degree of blackness. Essentially, no 
use is made here of the possibilities of the compensation 
principle, since substitution of the places and roles of the 
chambers, as v;ell as verifying Identicalness are not pro- 
vided for. The conditions of ventilation of the working and 
compensating chambers are dissimilar. Nonetheless, the energy 
balance is taken v/ith an accuracy of 5.8 percent. The measure- 
ment error is apparently of the same error. 

For measuring the intense fluxes (to 12*10^ W/m^) , A. B. /31 
v/illoughby proposed the design of_a radiometer with two hollov; 
models of an absolute blackbody /330^7. Fig. 15 presents a 
schematic drawing of one of them. The chamber is formed of 
a massive hollov/ copper cylinder with screv/ grooves v/ithln 
for the electric heater spiral and externally — for v/ater in- 
flow. On one side the cylinder is closed off v/ith a v/ater- 
cooled cone, and on the other — with a massive, separately 
cooled diaphragm. Cooling water from a common tank v/ith con- 
stant level upstream of the chambers is divided into tv/o jets 
Identical in volume flow. Downstream of the chambers the water 
passes through glass tubes in each of v/hose walls four junctions 
of the differential thermoelectric battery are embedded. Thus, 
the radiative and electrical heating are balanced according to 
the exit water temperature. As a result of testing for chamber 
Identicalness, a marked discrepancy was discovered betv/een their 
readings when the same flux v/as measured. Owing to the lar^-e 
Inertia of the massive chambers, the duration of each measure- 
ment cycle (v/ith two chambers) amounted to 15 min. The flux 
value was assumed equal to the root-mean-square value of the 
measurements. The assumed error did not exceed +2 percent. 

One-elt.nent compensating calorimeters are much simpler 
but less accurate. A typical representative of these instru- 
ments is the ORGRES calorimeter (the Trust "Organization of 
Operations at State Electric Power Stations"), developed by 
I. Ya. Zalkind, A. V. Anan’in, and I. M. Former /109, 1107 
(Fig. 16). This instrument v/as intended for measuring the 
heat release from the surface because of free or v/eakly forced 
convection. The housing of the sensitive element is constructed 
so that the area of its lateral surface beyond the limits of the 
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Pig. 1^1 D. T. Kokorev 
radiometer 


Pig. 15 Chamber of A. B. v;il- 
loughby compensating radiometer 


central recess is equal to the area of the lov;er surface placed 
against the source of the flux measured. Pad 8 and flat heater 
2 are placed in the central recess in successive layers between 
tv;o plate resistance thermometers 1. 

In the working regime, the variation in heater power is 
chosen so that the flux through the heat insulation is equal to 
zero; this can be estimated from the bridge balance; resistance 
thermometers are included in the arm.s of this bridge. Since th“ 
instrument housing is made of material with high thermal con- 
ductivity (aluminum); heat sensed from below is transmitted 
v/ithout substantial thermal resistance to to the cooling medium 
through the lateral surfaces. Thus, all the heater energy is 
transmitted through the known area of the central recess in the 
housing. A method of_ca^culating these calorimeters v/as worked 
out by D. M. Dudnik- /lOV. 

There are doubtful aspects to the ORGRES Instrument; how- 
ever, as a whole it satisfies technical requirements and passed 
state tests in the All-Union Scientific Research Institute of 
Metrology imeni D. I. Mendeleyev (VI'IIM). At present these 
instruments arc manufactured in series of several hundreds of 
units a year for monitoring quality of heat insulation. A simi- 
lar instrument v;as patented in the United States by P. Storke 
/3197 only by 1963. 




Fig. 16 Design (a) and elec- 
tric diagrams of ORGRES 
calorimeter : 

1. resistance thermometer 

2. heater 

3. heater rheostat 
resistance for varying 
reading limits 

5. milliammeter 

6. resistance of bridge 
circuit 

7. null instrument 

8. heat-insulating pad 

9. calorimeter housing 


An instrument for deter- 
mining ther;nal conductivity by 
the stationary flux method v;as 
proposed as a special use of 
the calorimeter described /1107. 


In a similar instrument 
G. G. Schastvlivyy /217, 2187 
added one more heater, placing 
it under the insulating pad 
(Fig. 17) . This made it pos- 
sible to measure the thermal 
flux from the upper heater in 
the case v.iien there is an ab- 
sence or an insufficiency of 
the main flux from the body on 
v/hich the transducer is placed. 
The temperature v/as measured 
with thermocouples. The instru- 
ments v/ere used for determining 
the local coefficients of heat 
transfer to the cooling medium 
in the channels of the electric 
machines v/ithout allov/ing for 
the nonisothermicity of the 
heat transfer surface. This 
procedure evidently can be 
applied only in clarifying the 
relative efficiency of heat 
transfer surfaces. 


V. A. Mal'tsev used sys- 
tems like these in blov/-throughs 
of cold models of electrical 
machine rotors / 15 ^ 7 . 

V/hen heat fluxes are mea- 
sured, an effort must be made 
to have the thermal conditions 
on the section occupied by the 
calor.; meter to be the same as 
before it is placed. 


Compensating calorimeters /33 

. , ^ — especially tv/o-element types — 

are absolute Instruments of the highest measurement accuracy. 

So the compensation method is often used in making absolute 
instruments v;ith v;hich series-manufactured heat fluxes are 
calibrated (see Chapter ^J). But as to sensitivity, generally 
they are much inferior to thermoelectric, photoelectric and 
pneumatic Instruments, and to bolometers. 
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Fig. 17 G. G. Schastlivyy calorimeter 


10. Auxiliary V/all Method 

Basically the method amounts to placing a v;all with known 
thermal conductivity on the path of the measured flux. All 
that remair;; is determining the temperature drop and calcula- 
ting the flax from the equation 



As customary, the effect of the presence of the measuring 
part is best minimiized, so the auxiliary viall, if possible, must 
not be supplementary, as it is sometimes called. But in those 
cases v/hen an auxiliary resistance is inavoidable, it is neces- 
sary to knovj not only the absolute magnitude, but also its pro- 
portion in the total thermal resistance of the circuit conduc- 
ting the measured flux. 

One of the first calorimetric instruments based on the 
principle of the auxiliary v/all and that have been brought to 
the stage_of_series manufacturing is the E. Schmidt ribbon calo- 
rimeter 7311/ . It is widely in service at present for measuring 
heat losses through heat insulation. A rubber ribbon 600-650 mm 
long, 60-70 mm wide, and 3-5 mm thick is used in making the E. 
Schmidt calorimeter. About 200 junctions of a ’'attery of dif- 
ferential thermocouples are placed in series on both ribbon 
surfaces. Next, the surface is covered with a millimeter layer 
of crude rubber and ir vulcanized. The current-collecting con- 
ductors are extended through terminals embedded in the rubber. 

The small ends of the ribbon have accessories with which the 
"belt" is fastened with a tightness fit on the convex insula- /3^ 
tion surface. Owing to the cumbersomeness and large inertia 
of the "belts," they are not_convenient in use. V.'hen the dimen- 
sionless values of the time t are the same, the time of the 
actual arrival at the regime of measuring with the "belts" is 
tv/o orders of magnitude greater than for sandv/ich-type trans- 
ducers (see Chapter 3), and four orders greater than for iso- 
lated transducers (see Chapter 2). Still they are used v/idely. 
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Cnlorineters developed in the Leningrad Technological 
Institute of the Refrigeration Industry are analogous in con- 
cept, but somevjhat different in design. In this case a battery 
of 600-900 pairs of junctions is secured in a rubber disk 300 mm 
in diameter and 6 mm in thickness. Because of the increase in 
the number of junctions, the sensitivity is two to three times 
higher than in the Schmidt "belts." 

Disk-calorimeters 60-90 mm in diameter and 3-8 mm thick 
were developed in the 'Moscov; Teploproyekt Institute for measur- 
ing fluxes to 1000 V//m2. The number of thermocouple junctions 
is increased to 1500-2000, and the thermocouples as such are 
made by the galvanic method. The auxiliary v;all is assembled 
of paronite blocks v;ound v/ith constantan, each turn being half- 
copper-plated. The set of blocks is cemented between tv;o thin 
(1 imm) paronite disks. The signal generated vjith this kind of 
transducer is sent to an indicating millivoltmeter . 


The Beckman and Wlghtly company /28T.7 makes heat flux 
transducers differing from those described above by less thick- 
ness. The transducer dimensions are 115x115x1.5 mm^; the ther- 
mocouple is constantan-silver constantan; the instrument sensi- 
tivity is 19 V,Vm"^-mV. 

The Joyce and Lebl company has been manufacturing since 
1936 calorimeters in tv;o type classes — ^50 and 100 :nrn in dia- 
meter 7288/ . In these calorimeters the housing of the copper= 
constantan calorimeter and the shell of the entire transducer 
are made of polyethylene. Owing to the use of polyethylene, 
the transducer temperature does not exceed 70° C. This same 
calorimeter, with a diameter of approximately 300 mm, was used 
in instrum^ents for determining the thermial conductivity of ivet 
insulating materials /2?8/. Used for these same purposes was 
a structure v;oven of_asbistos cardboard strips O'/arp) and ribbon 
thermopiles (weft) / 302 / . A bimetallic copper-constantan strip 
successively undercut once with the copper side and once vjith 
the constantan side v;as used in making the thermopile. The 
strip thickness v^fas 0.08 mm and its width v:as 0.6 mm. Exter- 
nally the "fabric" v;as overlaid v;ith asbestos paper, impreg- 
nated iiTith phenolic resins, and heat-pressed. Thu^ , a slab 
resulted, 300x300 mim^ in size, close to asbestos-textolite in 
strength and external appearance. In the central part of the 
slab was a 150x150 mm. measuring section, v;ith about 200 thermo- 
pile junctions. 

This kind of calorimetric fabric (glass-reinforced ribbon 
with bimetallic cut strip) v;as used by Lawton et al / 283 / in 
the design of a calorimeter for determining heat transfer and 
heat production of animals (Pig. I 8 ) . The thickness of the 
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glass-reinforced ribbons was 0J4 rnm; th2 total thickness of 
the calorimeter shell vfas about 1 nan. Because of the large 
area and the small thickness of the fabric covering all the 
Interior surface of the calorimeter chamber, the authors v/ere 
able to achieve high instrument sensitivity with lov; inertia. 



Pig. 18 Lax^ton fabric calorimeter: 


1. 

copper 

3. 

glass-reinforced 

2. 

ccnstantan 

4. 

ribbon 

line of junction of 
copper v;ith constantan 


A calorimeter with an auxiliary polymethylmethacrylate 
wall /l367 was built and used in measuring heat fluxes from 
the bottom of inland waters. The thermal conductivity of poly- 
methylm.ethacrylate is close to the thermal conductivity of ice; 
polymethylmethacrylate has wholly satisfactory electrical insu- 
lating, processing, and operational properties. So these trans- 
ducers are used for measurements of heat fluxes_in permafrost 
regions and areas with high volcanic activity /111, 112, 188/. 

To eliminate the perturbations introduced by the presence 
of the calorimeter, V. V. Shabanov and Ye. P. Galyamin proposed 
s 0 ][QCf.ing for the auxiliary v/all a material that has dispersive— 
ness, ^'Crositv, and thermal conductivity similar to these 
characteristic^ in the soil in which it is proposed to make the 
measurements /2387. Yu. L. Roscnshtyuk and M. A. Kaganov pro- 
posed making the auxiliary wall composite of materials that are 
contrasting in thermal conductivity in order to attain a thermal 
conductivity identical to the ambient value by varying the com- 
ponent thicknesses /19ii7. 
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Studies of heat and mass transfer in soil are needed to 
clarify a number of vital problems in ac^’onomy. Because of 
this, several calorimeter designs v;ere developed as appropriate 
to specific experimental conditions. In 1950 measurements of 
this kind vjere made by E. L. Dikon, and in 1955 by L. G. Morris 
et al /2957* "rhe latter, in particular, built calorimeters 
based on the auxiliary wall method v;ith nickel v/ire resistance 
therm.ometers . For greater v;ater stability, the transducer was 
coated several times with copper chloride and araldite. In_ 
the United States a similar instrument was built by V/atts / 328 / . 



Fig. 19 VNIIMT calorimeter: 

1. openings for thermocouples 

2. receiving Mock 

3. blind 


the araldite has 


For bioclimatic studies 
in soil, often used are banked 
thermoelectric transducers with 
an intermediate wall of glass, 
for example ,_the^ calorimeters 
of Schacke /312/ and Fransilla 
and Huovila /26’£7. The sensi- 
tivity of these instruments 
is approximately 3*10“° V*m/V/. 
W. Warmbt vjrapped a cushion 
of glass-reinforced fabric par- 
tially with copper constantan, 
impregnated it v/ith araldite, 
and covered ^t over with alu- 
minum foil /325-327/. W. 

V/armbt assumed that araldite- 
impregnated glass-reinforced 
fabric has a thermal conducti- 
vity that is the same as for 
soil. For v/ater permeability, 
along the transducer bed sev- 
eral openings v.'ere made until 


completely hardened. 


Similar Instruments, described by a number of authors, per- 
jnit — to a large extent — finding the pattern of heat and mass 
transfer in the soil layer and the interaction across the surface 
with the immediate atmosphere at different seasons and on differ- 
ent days / 25 ^, 262, 267, 28l, 32V. 

Measuring the temperature drops involves considerable dif- 
ficulties, coming from the indeterminacy of the thermal I’esis- 
tances of the elements connected with the auxiliary v;all. 

For measuring large flux densities the auxiliary wall is 
made metallic. Fig. 19 shows the VNIIMT (All-Union Scientific 
Research Institute of Metallurgical H^eat Engineering) radio- 
meter with conductive heat removal 7236/ . A copper or steel 
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block 2, cylindrical in form, is irradiated from one end, and 
from the other it is cooled v;ith running v:ater. Thermocouples 
are embedded through side bored holes along the block axis. The 
receiving body is protected with blind 3 against lateral heat 
flows . 


The calculated determination of the flov; measures is not 
reliable. Calibration v;ith absolute reference instruments can 
made the measurements more accurate and simplify instrument 
design. Single-conductor thermocouples are generally used 
in the thermal probes, with material of the receiving block 
serving as the intermediate electrode of the differencial 
thermocouple. 

To measure the resultant fluxes in open hearth furnaces, 

VNIIMT staff members_developed a probe v;ith tv;o oppositely /37 

oriented receivers 7236/ . For better sensitivity when vfeak 
fluxes are measured, the receiving body was made of two parts 
with internal bore . 

When the thermocouples v/ere used as indicators of temper- 
ature difference, it v;as tempting to merge the functions of 
auxiliary v/all with the functions of intermediate thermo-£lec- 
trode of the differential thermocouple /J^9 , 113, 262, 271./. 

For example, E. L. Dikon used cast bismuth as the material for 
the middle layer of the auxiliary vrall in measuring thermal 
fluxes in soil. One design feature of this transducer is the 
demarcation of the central measuring part using a thin layer 
of insulation. Bismuth has a high thermoelectric coefficient 
and a low thermal conductivity, but a value that is higher than 
for soil. One dravjback is the dependence of the thermoelectric 
coefficient of bismuth on temperature. So this transducer can 
be recommendiid for use only in a narrow temperature range in 
v;hich calibrction is conducted. This is also true for the G. 
Falkenburg calorimeter, v/here Wood's alloy v/as used in place 
of bismuth /t327. The calibration characteristics of the E. L. 
Dikon and G. Falkenburg calorimeters differed by 30 percent 
from the cal'.ulated characteristics; this can be explained 
by the consi.' erable effect of impurities on the thermoelectric 
properties o;‘ bismuth alloys. 

Alloys cf technical^ pure (99.6 *99 -9 percent) tellurium 
with copper and silver /271^7 were used by Hatfield and Wilkins 
as the auxiliary wall material. In the 15-100° C range an alloy 
of two parts tellurium and one part pure silver is the most 
suitable. These transducers were later built by ^he_Joyce and 
Lebl 7287^7 and National_Instrument Laboratories 727^7 companies. 

For pure tellurium /21V, as a function of temperature the 
thermoelectric coefficient tv;ice changes sign, attaining the 
maximum value (800 yV/deg) in the 100-200° K range. 


One disadvantage of alloys containing semiconductor con- 
stituents is the marked dependence of the thermoelectric coef- 
ficient on temperature. Materials in thermo-electrodes of 
standard thermocouples are less sensitive, but more stable and 
therefore have found v;ide use. 

In measuring high— density fluxes, I. Vrolik used a copper 
wall^/? 67 ^ ccnstantan current-collecting plates as the auxiliary 

As the sensi'^ive element of a total-radiation radiometer, 

A. A. Piskunov and I. N. El'ke used a_single chromel rod v;ith 
copel current-collecting conductors /l 82 /. 

Nev'j materials for calorimeters must be sought for not only 
among conductors and semiconductors, but also among insulators, 
especially poor insulators (semi-insulators K Good Insulators /38 
(BeO, MgO, AI 2 O 0 , and others) are poor choices for use, since 
their high electrical resistance limits the possibilities of 
signal measurement. 

In Table 1 , characteristics of several oxides and their 
mixture^ are presented, based on the measurements of Fischer 
et al / 26 V . From Table 1 v;e can see that some mixtures with 
large short-circuit current values can be entirely suitable 
for the intermediate v;all. In those cases when the thermal 
resistance of transducers does not have significance, they will 
generate 'signals exceeding the signals of tranducers made of 
other materials. One disadvantage of semi-insulators is their 
high thermal resistance and the temperature dependence of the 
thermal properties. So semiconductors and semi-insulators 
find practically no use in heat-measuring components. 


11. Calorimeters x^ith Transverse Flow Component 


In these instruments the flux received passes entirely or 
in part through an auxiliary part, changing its initial direc- 
tion. Designs of these Instruments were described bv R. Garden 
/265, 266/, A. S. Sergeyev /202, 2037, and Stempel /3l87. 

A diagram of the R. Garden instrument is shovm in Fig. 20. 

An opening in the copper bDuck 2 is covered with constantan 
plate 1, soldered to the block along the periphery. Energy 
received by the constantan foil partially streams radially to /39 
the copper block and is partially lost to the ambient medium. 

The heated Junction is formed in the center of the plate with 
the soldered copper wire 3. The constantan plate is usually 
thinner than 0.3 mm. So the stationary mode sets in relatively 
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Table 1 
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Key: 

a. Composition of wall material 

b. Temperature at specimen faces, °C 

c. Short-circuit current, milliamperes 

d. Thermoelectric coefficient, uV/deg 

e. Short-circuit mode pov;er, V/ 

f. Specime:'. thicVjress, mm 

g. upper 

h . lower 

i. unsilvered 
J . silvered 


fast. A plot of the temperature change along the foil radius 
is shov.'n in the right side of Fig. 20. The maximum temperature 
tjj^ corresponds to the center, and the minimum temperature t — — 
to the block. The temperature difference At = t, - t is ^ 
nieasured with a differential thermocouple made up^of a^central 
copper vtfire, constantan foil, and copper block j from the temper- 
ature difference we estimate the intensity of the energy flux 
received. Given in the study /265/ is a solution to the thermal 
conductivity equation for the foil on the condition that the 
flux received q is constant along the foil radius. As a result, 
the following expressions were derived for transducer sensiti- 
vity and inertia: 
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v/here R and 6 are the dimensions of the vrorking section of the 
foil; a and a^^ and transducer constants. 

Garden found the values of a 
and a^^ and plotted a nomogram of the 

solution to Eqs . (1.7). 


The v.'orking tc-.;perature of the 
calorimeters is bounded by the soft- 
ening point of the solders tested. 

As the ternpera.ture goes up, the 
linearity of the relationship betvifeen 
incident flux and signal is disturbed. 

So the upper limit of measurement 
is best increased through thickening 
of the foil, tending to make the 
radiative component in heat removal 
from the foil small compared with 
the conductive and the convective 
components . 

Relying on handbook data, R. 

Gardon also found that for tho 
copper-constantan pair the dependence 
of the thermoelectric coefficients on temperature is practically 
entirely compensated by the dependence of constantan thermal 
conductivity on temperature. Thus, the transducer proves to be 
insensitive to the temperature level at vjhlch the measurement 
is taken. 

Using these transducers, R. Gardon measured fluxes at a 
pov/er of (0 .02-^) *10*^ VJ/m^ . Measurements v;ere made of therm.al 
fluxes from the heated plate swept by air; the air exited from /kO 
3.2 mm diameter openings arranged in unstaggered fashion with 
a 50.8 mm spacing, at a flow rate corresponding to a volume 
flov; of 0_j_2 kg/s per rrr of plate area; the measurements are in 
Fig. 21 /266/. 

Usually the dimensions of the transducers v/ith a foil disk 
are small (the diameter of the opening in the block is often 
less than 1 mm). It is difficult to make them strictly iden- 
tical with each other. The deviation of the actual transducer 
properties from the calculated values is as high as 30 percent; 
because of this each transducer needs individual calibration. 



Fig. 20 Diagram of 
R. Gardon transducer: 

1. receiving plate 

2. copper block 

3. current-collecting 
conductor 
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Fig. 21 Measurements of 
heat fluxes made with the R. 
Gardon transducer as plate 
is sv/ept by Jets 

Key: 2 

a. W/m'" 


The part of the heat lost 
to the ambient space is small 
compared v;ith the part trans- 
ferred along the foil because 
of thermal conductivity, there- 
fore when radiative fluxes are 
measured there is no need for 
vacuum treatment; this does much 
to simplify carrying out the ex- 
periments. Usually in radio- 
metric measurements the trans- 
ducer is surrounded v;lth a 
shield, reducing the nonuseful 
absorption of energy by the 
copper block and- protecting the 
foil from mechanical damage . 

In short-term measurements 
the experimenter is limited to 
heat removal through inertia of 
the block, vihich is many orders 
of magnitude higher than foil 
thermal inertia. In the case 
of long-term measurements of 


intense fluxes, the block is 
cooled with running water. 

G. G. Blau used this kind of 
cooling in determining the 

thermal conductivity of zirc_onium oxide for temperatures higher 
than 1000° C. F. Stempel /310, 3187 indicated the possibility 
of separating the radiative and convective components vjith 
two transducers; one receives the incident flux directly, v;hile 
the other is shielded with a sapphire window, vjhich is protected 
against overheating v;ith a gaseous covering. 


Signal strength can be boosted by Joining the radiometers 
with a circular foil in electrical series. And the cooled copper 
foil naturally must be divided into electrically insulated sec- 
tions. Thus, A. S. Sergeyev proposed a radiometer of six series- 
connected sections /202/. This radiometer was improved through 
the placement of the device on one of the baffle sections; by 
rotating it the output signal can be regulated and_thus in cali- 
brations the device sensitivity is kept constant /20^/. 

An original instrument, transverse type, for measuring /i\l 
relatively weak radiative fluxes was designed and built by B. 

G. Tanmor /32l7 (PlG- 22). This instrument was used for inves- 
tigating radiative heat transfer betvjeen structures and the am- 
bient medium. A galvanic banked thermocouple vms wound on a 
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perspex plate, 85x50x3 mm in size. The plate thus shaped is 
inserted into recesses in copper half- disks (Fig. 22). The 
recesses in each half-disk, 85x26x6 mm in size, are filled 

molten paraffin, in which a perspex plate 
immersed. A thin paraffin layer 
inoulates the half-disks from each other. The current-collect- 
ing conductors extend through openings on both sides of the 
half-disk is assembled on solder from two iden- 
S which cavities are milled out. One end side 

JL t"" polished, gilded, and polished again, 

^ other is blackened by one of the knovm methods. The 

of its planes receives half 
absorbing radiation. The disk 
is mounted on four strings in a large-diameter collar. 



Fig. 22 B. G. Tanmor radio- Fig. 23 Radiometer of I . D. 

meter Semikin, V. S. Kostogryzov, and 

0. L. Tsygankov: 

1. enclosure blind 

2. receiving in form of an 
absolute blackbody model 

3. bank of differential 
thermocouples 
cooling sleeve 
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The different deg:’ee of half-disk blackness upon exposure 
to the measured flux accounts for the temperature difference 
recorded vflth the bank of differential thermocouples. The 
signal of the thermocouples then serves as a measure of the 
resultant flux. 

A radlom.eter v/lth the model of an absolute blackbody and 
a transverse measuring part was developed by^ I. D. Semlkln, /^2 
V. S. Kostogryzov, and O'. L. Tsygankov /201/ (Fig. 23). The 
receiver In the form of a model of an absolute blackbody Is 
inscribed by design in the end of a brass tube and is inserted 
In the enclosure sleeve. In its lower part the tube is cooled 
v;ith fiater circulating in the sleeve. In the interval betvreen 
the receiver and the outflov; the tube is cut so that the heat 
flux received is displaced initially to the left, then along 
the circumference it passes over to the right part and is trans- 
mitted to the cooling v/ater. 

V/ound in the middle part of the intermediate body is the 
galvanic differential thermocouple, recording the transverse 
temperature head. The radiometer described is marked by an 
absence of selectivity and a sensitivity that is quite high 
for industrial measurements . 

The nonlinearity of losses of this kind and the heat- 
physical properties of the device elements leads to the depen- 
dence of sensitivity and measurement accuracy on the tempera- 
tures of the cooling vjater and the ambient air. 

To reduce “the measurement errors, v/ith this instrument it 
is necessary to keep the cooling v/ater temperature at the level 
of the am.bient air temperature and to make the heat-conducting 
tube out of constantan. 

A simply manufactured lov/-lnertia thermoe]^e£tric radiant 
energy receiver was proposed by S. Ye. Burav /37,/. 


12. Analytical Methods 

As applied to phenomena of therm -I conductivity, the differ- 
ential equation, boundary and initial conditions unambiguously 
describe the tem.perature of a given body at any point at an ar- 
bitrary instant of time. Since this relationship is unambigu- 
ous, knowing the temperature, for exam.ple, the flux or the tem- 
perature at the boundaries). This approach to the solution i^ 
custom.arily called the inverse thermal conductivity problem /2197. 





From the temperature values at tv:o points v/e reconstruct 
the temperature field of the k^dlmensional body that has. a 
cavity; from this temperature field \:e determine the heat fluxes 
that the body exchanges v;ith the external medium, and the values 
of the heat transfer coefficient- At the same tine v;e can cal- 
culate the coefficients of thermal conductivity and thermal dif- 
fusivity of materials filling the region in question. 

For a practical Judgement of hov; effective this method is 
look at an article by R. Kh. Kullakhinetov and L. A, Khorn 

/1707. 

The thermal conductivity equation for an unbounded plate /^3 
has the form: 

" dx-' ■ ■ (1.8) 

The boundary conditions are determined by the fact that the 
surface temperature t (Xq, t) is measured in the experiments, 
and in the plate rnidsectlon ov;ing to the symmetry of the thermal 
action 


dl ( 0 . T) _ Q 
dx 


(1.9) 


The coordinate x is read off from the plate midsection. 

At the initial Instant of time, the plate temperature at 
all points is the same and all temperatures t(x, 0) = 0 are 
subsequently read off from it. 

The desired flux at the external plate boundaries is found 
in the form of a polynomial 


9(T) = 



( 1 . 10 ) 


Applying the principle of superpositioning, v.'o can repre- 
sent the temperature at any point in the form of the total of 
the results of partial actions of each member of the polynomial 
(I. 10): 

m 

/(X.T)-l/i7'a.V. T). (I. 11) 


Applying the expansion formula, R. Kh. Mullakhraetov and 
Ye. A. Khorn found the calculation formulas for T^(x, t) vjhen 

i = 0, 1, 2, 3. V/ith the m + 1 measurements, we can set up 
the same number of equations (I.ll) and find the m + 1 coef- 
ficients A^ . 
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V/ith absolutely accurate measurements and m “ , the solu< 
tion turns out to be v/holly rigorous. 


But actually the measurements contain some errors, and the 
number of measurements is restricted. To make the solution 
found most probable, the authors of the study /170^/ reQuii’e 
that the sum of the squares of the differences betv>'een the 
desired solution and the measurements be a minimum (least- 
squares method) . From the components of the normal equations 
they calculated the coefficients and then, by differentia- 
ting the temperature with respect to the coordinate, they found 
the flux equation. 


By this method A. VJltte and E. Harper determined fluxes 
received by the walls of dlffex-ent sections of uncooled combus- 
tion chambers and rocket engine nozzles /33£/ . Each represen- 
tative area in the chambers' and the nozzles had tv/o tnermo— 
couples embedded in it; the thermocouple readings are recorded 
continuously. The Junction vms deepened by 0.5 mm. The pro- 
blem was assumed to be one- dimensional. The temperature dis- 
tribution v;as approximated t;ith a polynomial of fifth degree. 

A method for analytical processing of measurement data and a 
computation program Tor an 7090 computer v/ere deve .oped by 
W., B. Pov;ell et al /306, 302/. 

The measurements v;ere ma.de on nozzles v/lth exit cross- 
sectional area in a ratio of 20:1 vxith respect to the minimum 
area and with the working pressure in the combustion chamber 
from 0.7 to 2.0 meganewtons/m'". The thrust was brought to 25 
kllonev.’tons . A stoichiometric mixture of hydrazine and nitrogen 
peroxide v/as the fuel. Tc verify the method, simultaneous mea- 
surements v/ere made of the flow us2ng_a water— jet calorimeter 
similar to the Perry calorimeter /30^/ . The measurements agreed 
satisfactorily. The authors do not give a numerical estimate 
of possible errors. 


In cases like these, many investigators used foil and thin- 
film resistance thermomete^rs secured to the surfaces of a semi- 
boundedbody /l9, 172, 270/. For better sensitivity the exposures 
v;ere periodically interrupted. Sometimes it is better to use 
methods of analogy • 


Boussinesq /253/, working out Fourier's ideas in the solu- 
tion of the thermal conductivity equation, showed that the gen- 
eral solution can be represented in the form of the series 

/= V . (1.12) 

where stands for the functions of the coordinate of the point 
v/ith temperature t. 
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Since v;ith increase in ti.T.e x , the total of the series 
members, beyond the first member, dwindles rapidly and becomes 
J^'iny cases only the first member in the expansion 
^1.12} is important. The recimes in which this is valid were 
investigated at length by G. M. Kondrat'yev /T37, 138/ and 
called regular regimes. ~ ~ 


13. Pyroelectric Calorimeters 

The state of electrical polarity caused by temoerature 
and coinciding with optical polarity is called pyroelec- 
tricity. This phenomenon v;as first observed in tourmaline min- 
erals; for these minerals, the principal axis of crystal sym- 
metry is the princ;:pal pyroelectrical axis. A temperature 
change of 1 deg along this axis leads to charge of up to 10“5 
coulombs/m'^ appearing. 

M Born^/ 2527 ^^"' theory of pyroelectricity was elaborated by 


in 


A distinction is made betv;een the primary effect seen 
crystals forcibly deprived of the possibility of expanding 

secondary effect, observed in free crystals 
/ 303 /. The primary effect at its basis is piesoelectric in 
nature and is proportional to the absolute temperature squared, 
The nature of the secondary effect is independent; it is pro- 
portional to the fourth pov/er of the temperature. Applyin<^ 
pyroelectricity, a temperature change of 0.01 deg was measured 


The sensitive elements, based on pyroelectricity , react to 
a Change in temperature under the effect of the radiation mea- 
sured. The elements are usually a plate of pvrosensltive 
material coated on both sides with the thinnest metal linjngs 
serving as current-collecting electrodes (Fig. 2^0. The current 
generated v/ith this device is 



where the coefficient of proportionality y depends on tempera- 
ture and only in a relatively narrow range can it be assumed 
constant . 


B. Meyts and T. Pyorls used pyroelectric calorimeters to 
determine the heat effects_of Polaris missiles on surrounding^ 
Objects durinc riir^ht /171/. A sensitive element (100 mm in" 
diameter and 5 mm in thickness) v/as placed in a metal housing 
on glass wool cushions protected against shock, vibration, and 
heat loss* Polarized ceramic of barium titanate oxide and lead 
zirconate-titanate v;as the material used* For barium titanate 





i 


»♦ 



oxide the v;orkinc temperature r.ust not exceed 90^ C, and for 
lead zircontate-titanate — 300° C. "n increase in the pyro- 
electrical coefficient v;ith r^se_in temperature, in the viev/ 
of the authors of the study is compensated by increas- 

ing the heat losses at the receiving surface through back rad- 
iation and convection. The instrument error does not exceed 
+10 percent . 


till MM 



A similar, but miniature unit 
v;as employed in measuring laser 
radiation energy /20/ . 


Fig 


. 2^ Pyroelectrical 
radiometer 


Radiometric properties of pyro- 
sensitive crystals v/ere investigated 
in detail by L. S. Kremenchugskiy , 

A. ?_j_ I-'al ' nev, and V. B. Samoylov 
• The elements studied were 
a barium titanato oxide plate and /US 
triglycinesulfate plates in the 
for.m of monocrystais and ceramic 
plates 100+3 pm thick and 100 m.m^ 
in area. Silver 0.1 pm in thick- 
ness v;as deposited in vacuo on the 
current-collecti.ig electrodes; the 
receiving electrode, for a uniform, spectral characteristic, v;as 
covered v;ith gold black /lo, 21^7. The zonal sensitivity of 
the instrument was detei’.mined by measuring the pyroelectrical 
effect when the light ray-probe was dropp* ■; its diameter was 
varied, starting at 0.15 mm, in the dirocLion of increasing 
values. V/hen a small-diameter ray transited the receivers, 
nonuniformity was detected in the values of the pyroelectrical 
coefficient, reaching 75 percent for the .monocrystais. The non- 
uniformity v/as less for the ceram.ics than for the r.onocrystals . 

V.'hen the ray diameter was enlarged to 1 mm, the nonunifor.m.ity 
dropped to 3 percent. 


» » 5 

The m.ethods examined above are based on a relatively sm.all 
number of physical phenomena. Searching for nev; methods of 
r.easuremonts is oriented m.ainly at involving previously unused 
effects 7279, 32V. 

In a dielectric bolometer /32V celluloid film (its pre- 
parative method is described in section 5 of this chapter) is 
coated in vacuo v.'ith an approxim.ately 0.1 pm gold layer, on 
both sides. The capacitor thus obtained is exposed to an inci- 
dent flux. The instruments were named os above ov;ing to their 
use of a temperature dependence of the dielectric constant. 
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After exposure to the measured flux, the electrical capacitance 
of the sensitive element was varied. In this sense ferroelec- 
trics are very promising, as are new polymeric materials tn< 
have a v/ell-defined temperature dependence of the dielectric 
constant. 


Ferroelectric films prepared on foil surfaces of electro 
lytic capacitors are mechanically vjeak. In this receiver the 
correct exposure across, the electrolyte of metal bearing the 
dielectric film is difficult. 


Among the knovm diversity of semiconductor thermistors, 
classed in a special group are ferrite thermistors; they are 
thermosensitive not only as to electrical resistance, out also 
magnetic permeability /307. These sensitive elements are al- 
ready in service for measuring incident flux in the UriF range 
/297 and there are no reasons blocking the extension of the 
range to infrared and optical frequencies. 


Ciiaracterlstlc of dielectric and ferrite transducers is 
the variation in the reactive components of the resistances; 
highly effective methods have been developed for mieasuring 
these components /12^7 . 

Relatively numerous measurements are made in hygienic and 
physiological studies /Ts, 967. In several cases, when measure- 
ments are m.ade of tissues with the probe m.ethod, from _th« rela- 
tive change in thermal conductivity it v;as found possic^e to 
estimate the relative change in blood flow; in turn chis yielded 
information about the physiological condition 
ylty of the organ and the organism as a v/hole 
281J7. 


To ■record v;eak fluxes from functioning transistors, the 
authors cf the study /2l7 used a well-defined dependence of the 
rate at v;hich exposed photoemulsion develops on the developing 
tem.perature . Very sensitive and accurate instruments for 
suring radiatxve thermal fluxes can be evidently built on the 
basis of the thermosensitivity of chemical reactions. 


In conclusion, we can state that measuring heat flux density 
is an urgent need for most scientific investigations and indus- 
trial processes. Information that these measurement afford is 
interesting both in the primary form as well fs>°^ten, in indi- 
rect secondary manifestations. Developing methods of ther. ,a 
measurements and the steadily mounting needfor these methods 
in science and manufacturing allows us to single out these 
methods in an autonomous field — heat-rneasurement . 


A basic task in heat-measurenent is desieninc: and building 
miniature transducers of heat flux density that have high local- 
ization of measurements, lov; thermal resistance, high sensiti- 
vity, and good reproducibility of measurements, made possible 
by reliable absolute calibration. 





CHAPTER 2: SELF-CONTAINED HEAT FLUX TRANSDUCERS 
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1 . DesiRns of Self-Contained Heat 
and Problems of Their Manufacture 


Flux Transducers 
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entioi tf ^^"tantained transducer is a unique flattened dices,, 
ential thermocouple whose Intermediate electrode aSraf;; 



(Fig. 25). When the transducer is nosltioned 

an studied at the faces of 

ate layer v/ith thickness 6 ^ 3 . teneprature differ— 

penetrating flux being 

dinrthf;n J f r difference induces the corrcspon- 

datXSnId JorSCrr"”"""'"® '>• 


(«,-o)6., 

c r^q. 


from v/hich v;e find the transducer sensitivity 


(II. 1) 


/iJ9 


(g| - gj 6, 

/. 


(II. 2) 



Fig. 25 Self-contained 
heat flux transducer: 

1. nickel coating 

2. copper thermoelectrodes 

3. intermediate thermo- 
electrodes 

current-collecting wires 
5. insulating bushings 


Since all quantities on the 
right-hand side of Eq. (II. 2) 
depend on temperature, sensi- 
tivity must also be a function 
of temperature. 

The properties of several 
thermoelectrode materials v:ere 
analyzed in selecting trans- 
ducer materials. The results 
of the calculations bas^ed on 
literature data /7, 11/ are 
presented in Fig. 26; in it, 
the working temperature of the 
transducer is plotted along the 
y-axis, and along the x-axis — 
the change in the working coef- 
ficient relative to its value 
at 50 C. Assumed as the v.'ork- 
ing coefficient here and in the 
following is a quantity that is 
the inverse sensitivity, that 
is, the flux inducing a signal 
equal to 1 V: 

k--2- 

^ (II. 3) 


As v;e can see from the plot, most promising are the pairs 

especially constantan-nichromL 
he changes in the heat-physical characteristics proved to be 
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>0 


such that almost total mutual compensation is achieved for the 
effect of changes in the thermal conductivity and thermoelec- 
tric properties. From handbook data (see Fig. 26), this full 
compensation does not occur. The reason apparently lies in 
the considerable scatter of the prooertles of materials in dif- 
ferent samples. 
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In the first series, copper-cons tan- 
tan transducers v;ere made round. The 
blanks v;ere stamped out of sheet mater- 
ial: clean constantan disks 0.6 mm 
thick and copper disks, 0.1 mm thick, 
v;ith current-collecting projections 
(Fig, 27). The current-collecting 
plates were v;elded to the base plate 
with a capacitative v;elding machine. 

For measurement at high temperatures 
about ^0 transducers were made v/ith 
platinum current-collecting plates and 
conductors . 

One deficiency of transducers v/ith 
the pickup of signal at the periphery 
is the large scatter in the data of 
calibrations made one after the other. 

The follov/ing experiment v/as especially 
revealing. A transducer of this design 
v;as soldered to the bottom of an open 
vessel; the vessel was filled with cold 
water and placed on a heated electric 
plate. V/ater temperature and transducer 
signal were recorded in the experiments. 
Results of multiple measurements, using 
different transducers, are shown in Fig, 
28. v;hen the water boiled, the trans- 
ducer signal v/as v/eakened generally down 
to one-fifth the initial value, while the 
density of the heat flux stayed the same. 
The reason for this significant reduction 
in signal strength was that at the place 
v/here the lower projection exited and 
along the entire perimeter of the trans- 
ducer v/as formed an oblong depression in v/hich materials dif- 
fering in chemical activity alternated (tinplate, solder, copper, 
and constantan). Hero there v/ere favorable conditions for the 
grov/th of vaporization centers, intensively removing heat. 

Close to the lower projection and along the perimeter heat remo- 
val into the liquid occurred from the lower current-collecting 
plate, by-passing the intermediate plate. In this way the flux 


Fig. 26 Dependence 
of transducer coeffi- 
cients on temperature 
(from handbook data): 


1 . 

2 . 

3. 

iJ. 

5. 

6 . 


constantan- 
ni chrome 
nickel-ni chrome 
copper-cons tantan 
nichrome-cons tan- 
tan 

alumel-chromel 
iron-cons tantan 




51 



reproducibility op the 

ORIGINAL PAGP IS POOR 


measured took part only slightly in generating the transducer 
slpal. The experimental results showed the need to make a 
etailed theoretical analysis of the complex of thermal and 

effects in determining the best ways of design 
Ing monolithic transducers. ^ 




Fig. 27 Round transducer 
with current-collecting pro- 
jections 


Fig. 28 Plot of change in 
readings of transducer with 
peripheral current-collection 
vi/hile liquid boils 


uh ^°™^tion in Self-Contained Heat Flux Transducers 

When The Measured Flux Is Nonur.lformly Distributed 

When taking measurements, we often encounter instances 
during vmich, even when the transducers are small, the plot of 

Sst?ibuMnn nonuniform (for example, the 

sphere) ^^luxes at a transversely sv;ept cylinder or 

V 7 arping leads to the nonuni forraity of distribution of the 
thermal emf generated at the middle plate by its penetrating 

short-circuited loops of electric current to 
apear, with the corresponding decreases in the electrical poter 
tials. The latter indistinguishably superimpose on the thermal 
emf generated by the flux at the place where the current-collec- 

mounted. So the problem can be reduced to 
tlnding the perturbation induced by the imposed difference of 
electrical potentials in the short-circuited loops and deter- 
mining the zone and nature of the effect of local perturbation 
that is limited in extent. 

Solving these tv/o problems lets us answer a number of ques- 
particular the best dimensions of the transducer in 
v/hlch tne signal at the central part is free of the -effect of 
perturbations inevitable at the edges. 



A qualitative pattern of the distribution of isotherr.s and 
neat-flux lines v;as estabished by ma’.cing measurements on electro- 
thermal models using a Fil’chakov-Panshin EGDA-9/61 integrator. 

Since ordinarily in working conditions the transducer is 
placed on an isothermal surface, when the study was made with 

Justifiably require that one of the transducer / 
A? lower) be isothermal, that is, an equipotential. " 

condition of the second kind was re- 
^ ^ condition of the first kind by a method similar 

to that proposed in the study /2^J2/ for converting from condi- 
tions of the third kind to a condition of th'* first kind. For 
tnis to be done, on the model surface v/as cemented an area cut 
by parallel slices and having a geometry such that when the 
potential difference was imposed, the pole resistances modeled 
the boundary conditions. 

The results from paper models can be regarded onlj' as a 
first approximation. The point is that inhomogeneity in Le 
model paper leads to appreciable local perturbations. Solutions 
were revised by a method adopted in the theor 5 '’ of potential 
currents. It is based on the orthogonality property of the 
current lines and the equipotentials (Cauchy-Riemann) : 


dx" * dy" * dx" dy" 


(II. 


, 

Ox ^ Oy 


< 5 ^ — ~ 

Ox ^ Oy 


where (J. and tp are current function and potential 

4 -u of temperature and heat flux fields, recorded for 

the linear and parabolic lav;s of distribution of the incoming- 
flux, are presented in Figures 29 and 30. The approximating “ 
properties of the straight line and the. parabola are used widely 
approximation analysis. As we can see from the resulting 
ileld plots, the horizontal flux components make up not more 
than 16 percent of the maximum value of the vertical flux com- 
ponents. 

We must consider that the horizontal component by itself 
does not generate at the transducer a signal and, thus, is 
not a direct source of interference in the signal. It indi- 
rectly alfects the change in the vertical projections of the 
heat fluxes. 


53 



tions“„"LlJL“Srbe' uSlt‘eI func 

^0 tne first members, we have 


I — COS ct 


iga ~ 2 ' (II .5) 

can be varied^by^no'^moJe°th-n^l^?%e?c^ t^'^r Generating signals 
In the flux based' on thi traSsdoL?!‘’°'"' 

tranaducJS! Mnlature 

transducer are usually mu?h -easured flux using the 

sured parameter to which ultl natefv 

be related. * lately the nieasurenient error must 

sional inhomogeneitv^of tL^^mA Il^^ited to the one-dimen- /53 
thermal and electroconductivitv^onlv take into account ' 

for the measured flux--peJpIndf cu?a^ Ja direction 

In this case the IntermedlKe Dlate*A«n h"® transducer plane, 
tlnuous set of thin rods thAr.moi?^^ represented as a con- 

from each other heightwise and insulated 

current-collecting platel! ''^f'f'-ected to each other with 



^Is* ^9 Plot of flux and tem- 
perature fields when the flux 
varies linearly along trans= 
ducer 


four orders of magntidue. The symbol 
are shown in Fig, 31. The dimension 
in the direction perpendicular to the 


When electroconduc- 
tivity is determined in a 
thin current-collecting 
plate, it is sufficient to 
allow for the resistance 
to the flov/ of electric 
current only along the 
plate and neglect the 
transverse resistance. The 
latter can be explained 

the fact that i,i current- 
collecting plates, thickness 
differs from length by two 
orders of magnitude, and 
this leads to a corresoon— 
ding difference in the' 
longicudinal and transverse 
electrical resistances of 
3 for the model described 
is assumed equal to unity 
plane of the figure. 


ited 


The variation in flux based on the 
but naturally must be specified as 


transducer is not 
a function of the 


lim- 




the coordinate x. The disti-ibution of the incident flux is /5k 

soraev/hat decreased ov/lng to thermal conductivity in the extreme 

transducer plates. Signal formation is affected by the flux 
distribution at the intermediate plate , which thereafter is 
taken into account. Converting from the distribution of the 
flux incident at the external surface to the distribution in 
the intermediate plate can be achieved in analytical form by 
methods of thermal conductivity theory / 12 V or using analog 
equipment /1317 v/ith the graphical or rumerical specification 
of conditions. 


w 

1 
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To derive the dif- 
ferential equation that 
describes the correla- 
tions of the formation 
of the thermoelectric 
signal in self-con- 
tained heat flux trans- 
ducers, let us look at 
the loop a-b-c-h, con- 
sisting of tv;o adjoining 
columns of the interme- 
diate layer bridged by 
Fig. 30 Plot of flux and tempera- sections of the 

ture field when the flux varies current-collecting plates 
■parabolically along the transducer Fig. 31). 



Given the thickness 62 = 0.9 mm, we find that the intrin- 
sic resistivity of the copper-constantan transducer is approxi- 
mately 5*10 ohms* cm . This calculated value agrees v/ith the 
results' of direct measurements of voltage drop in transducers 
when strong electric currents v/ere (1-10 A) were passed through 
them. Agreement of calculated data v/ith measurements is evidence 
of good contact betv/een the current-collecting and intermediate 
plates and the practically complete absence of contact resis- 
tances. The effective total resistance of the outgoing-signal 
conductors and the measuring instrument (load) usually exceeds 
10 ohms. So the resistances for a 1 cm^ transducer differ by 
more than six orders of magnitude. Because of this, the load 
current cannot be allowed for in the study made of large short- 
circuited thermoelectric currents. 

Under Kirchhoff’s first law, in each vertical section the 
current in the lower plate must equal in magnitude and be oppo- 
site in direction to the current in the upper plate. 

The current strength along the plate can occur only because 
of current leakage into the intermediate plate with the density 


55 


7 ^^ 





(II. 6) 


In each section the heat 
flux received is transmitted 
ov;ing to thermal conductivity 
and the Peltier effect /39, 89, 

*1 o r-"T . — ^ ^ 


X 

^ = + (II. 7) ^ 

from which v;e have 


Pig. 31 Model of self- a/_ 

contained heat flux transducer - i; W-(ai-aj)r/I. (H.8) 


The Seebeck thermal emf induced under the effect of this tem- 
perature difference is 


2 


(II. 9) 

Uncier Kirchhoff’s second lav/, for the loop a-b-c-h v/e have 

(II. 10) 

v/hence, by referring to Eq. (II.6), we get 


* 




'I*?! J * ‘ 0, ‘ C,'-; J 


Let us introduce the dimensionless quantities 


V- 

• 4 ^ ‘■-i- > 


(a,-ar-T 
Q.K • 


. ‘6. 


(II. 11) 
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and let us write Eq. (II. 11) in dimensionless form: 


dU 


*o(» - W 


dj. gp (°i — <5. 

- V) • 


( 11 . 12 ) 


If l^ is chosen as equal to the. current of the. short-cir- 
cuited transducer loaded vjith flux q^, the second cofactor in 
the right-hand side of Eq. (11.12) will be equal to unity: 

^ (11.13) 

V-.Oj(l-Y) 

By denoting 

r-- 

• *jU-rY) 

and by substituting it together with Eq. (II. 3) in Eq. (11.12), 756 

v/e get 

dH , 2 , dg (II. lit) 


The general integral of Eq . (Il.li)) has the following form: 


I (y.) = C/** 4 - 4 --^ J • 15 ) 


. Here the choice of the lower limit of integration is totally 
unrestricted. When a = 0, the manipulations and the calculations 
turn out to be the simplest. 


V/e find the values of the constants Cj^ and C 2 from the fol- 
lowing boundary conditions. At the transducer ends, v/hen < = 0 
and K = L, under VClrchhoff's first law we have 

I( 0 ) = I(L) = 0 


From the first condition we find that C 2 = 
the second: 


Cl — 





2k 


' M 

.) dl 




and from 


‘j7 


(11.16) 



Fn rTT the values found for the constants into 

^q. UI.15), v;e xind the solution to Eq. (Il.lij) as apolied to 
transducer boundai’y conditions: appiiea to 


i M 


!(''•) = — J —}d^/ ■ 

0 0 

3T .1 Sr^ lift .) dy- 

l b 0 J 


, sh^x 
+ ih JiL 


(11.17) 


(L - value when ic is replaced with 

Z does not depend on the direction in which 

fhf instantaneous section is read off from 

the edge of the transducer. 

hv values of the transverse current density are arrived at 

Eq. (11.17) with respect to k. The general 
current density in the intermediate pfate is 

exam?Jenelovl presented only for the special cases 

1. When the transducer thermal load is uniform (q = const; 

5T = 9: *(>i) = 0: i(-^) = 0) there are no electrical perturbations 

flp?ri'^TnA slenal is the same over the entire transducer 

field and corresponds to the uniform measured flux. 


2. The flux varies linearly v/ithln the transducer: 
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l+mx; 


( 11 . 18 ) 


In this case the current in the collecting plate is 


and the current density is 


ch ftL — I 
sh At 


sh Ax 


-chA,..M],- (11.19) 


= f [-hh^ + -'h J 


( 11 . 20 ) 


In /"fcerpretations of Eqs. (11 . l8)- (11 . 20 ) , shown 

o-n iig. j 2 , like all the analogous preceding interore^-ations 
were constructed on the assumption that k = 17 ^ 1 ^ is clCfe 
to the actual conditions. 
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V/e must note that 
perturbations show up 
middle part of a lar^e 
measured flux does not 
that is unbounded 'with 
tions are absent — a si 
point of attachment is 
ductors . 


given the linear nature of flux variation 
only along the transducer edges. In the 
enough transducer linear variation in the 
introduce perturbations. In a transducer 
respect to the coordinate x the perturba— 
gnal corresponding to the flux at the 
recorded in the current-collecting con- 


The case when the measured flux within the transducer 
becau-e the law of quadratic parab'^la is interesting 

tions"" parabolas closely approximate diverse monotonic func- 


Let us postulate that 


f(x) « I + a 1 - ^ (x - 4)*] 


( 11 . 21 ) 


Then v;e have 


d^M _ Za L\ (11.22) 

2 j 

By substituting Eq . (11.22) in Eq . (11.17), we get 







(11.23) 


from whence, by integration and simplification, 
rent in the sections of the collecting plates 


we find the cur- /38 


J 


/ 
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32 Plots of transducer 
when flux varies linearly 


^’^C* 33 Plots of transducer 
current when flux varies 
parabolically 


and the current density in the interrr.ediate plate is 




* ch 

2sh*-~ 


(11.25) 


Plots of current for 
cordance v;lth Eqs • (11.21) 
in FIg. 33 . 


the case of a symmetric parabola in ac- 
, (11.24), and (11.25) are presented 


Since the phenomena of thermal 
v/e 1 1 as the iTTice lee t ri ca 1 phenomena 
positioninGj therefore, by cornbinir. 
v;e can approximate various praevica 
siderable ran^o . 


and electroconductivity , as 
exhibit the property of super- 
G the tv/c solutions derived, 

1 cases v;ith them over a con- 


i^urther exposition and solution of a number of practical /5h 
problems requires that v/e look at the case of stepwise transi- — ^ 
tion frcni one constant flux value to another. V/ith a fairly 


0 


i 
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larne number of these steps we can effectively approximate an 
arbitrary flux distribution in the transducer. At the same tim.e 
the solution for this case allov/s us to estimate the nature and 
the recion of influence of local perturbation. V.'ith a single 
step, the condition of approximation can be described as follows: 

^(x) = when 0 < x < x, 

(11.26) 

9 (x) = when X, < X < L 


Let us use the Fourier expansion that is customary for the 
6-function /2207 . Since the region of transition diminishes 
without limit, v/e can limit ourselves only to the first term of 
this expansion and assume that the transition occurs along a 
sinusoidal curve in the section from - e to 1^3^ + £• 


(11.27) 

(t>i 2 'Je ^ e 2 J 

Where e can take on arbitrarily small values . Beyond the limits 
K+e the flux values are constant, conditionally, and the deri- 
vatives are equal to zero. Taking this into account, let us 
examine the integrals appearing in Eq. (II. 17): 


q(y.) = 


V2 , V2 — V| 


2 


— V, . .T \ 


L 


dH 


X|+C 




K,+C 


( 11 . 28 ) 


The integrand functions are equal to zero in the right-hand 
side, in the first and third members. So, for any arbitrarily 
small e 


t xj 

—r C Cl'/t 

dy. 


K,+e 




(72-7i)^ 




(11.29) 


Similarly, it is easy to find that 

0 
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since 


I = 0 v;hen K<y.t 

0 

I ^ = (?,-■?.) when « > x, 

0 


/DU 


( 11 . 30 ) 

(11.31) 




I (y. < y,A =r I . L_ 1 l' sh ky 


I fy ^ \ ^2 — sh ky.. 


(11.32) 


and the current density in the intermediate plate 


I (X > X,) = (fj - ±g! ch^(L - X). 


(11.33) 


Pig. interpretation of the foregoing is presented in 

coorainate of the second step. Let > ^ 2 .' ^he isolated 

(i“33)?'we"Lr:me^''""’ • ^^^-32) and 


l(x<x,) = !l^.£^>3hAx: 

1 (x < X.) = — (<7^ — q^) J . — '-^ (.f, 

I (>« > Xj) = (<?3 - <7.) ch A (L - X). 


(11.3^) 
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Based on the superposition property, when there are com- 
bined actions, the two steps of the solution can be represented 
as the sum of particular solutions: 


I (y. < X, < y.„) = Kq, ~^thk{L- X,) -p 

I (y. < X, < X,) =. - 11-^- lil_ - q,) sb k (L - •/.,) -i- 
I (X, < X < X,) = (?2 - ^,) sh ky., -r 

I (X, < X < xj) = (?2 - ^,) sh ky., - 

^^^■(q^~q,)sbk{L-y.,); 


!(x,<x,<x)= 

l(x, < X, < X) = 

+ (?3~ '7;)-h-tx,l , 


( 11 . 35 ) 


6. By induction we can derive recurrence relations for 
an arbitrary section betv/een the (m - l)-th and m-th jumps for 
a total number of jumps p: 




kshkL 


V (7,^,-^.)sh'ox.-f 
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sh ky. 

+ kihkL 


y — < 7 i)-'fiA:(Z.— X.); 
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(11.36) 
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7 . Local perturbation at a section of limited extent Is 
a special form of load of the cases considered. The case where 
local perturbation occurs at an edge of the transducer is the 
most Interesting case for measuring practice. In the numerical 
example for which the plots are constructed in Fig. 35, the 
region of perturbation is confined to the value k = (0-0. 9 ^ 2 * 

that is, in the symbols of Eqs . (11.32) and (11.33) = 0.1 

and k = 1. The scale of relative lengths in the perturbation 
region, for sake of clarity, is selected as being an order of 
magnitude greater than for the entire transducer field. V/hen 
the arguments are small, the current density in the Intermediate 
plate in the perturbation region remains practically the same. 
The current strength in the current-collecting plate increases 
linearly . 




Fig. 3^< Plots of transducer Fig. 35 Plots of transducer 
current v/hen flux varies current v/hen there is edgewise 

stepv/ise thermal perturbation 



As the plot in Fig, 35 shows , the densities of transverse 
current Induced by Interference decrease rapidly v/ith distance 
from the perturbation location. Tracing the variations in 
residual perturbations on the plot is hard, so they are presented 
below: 
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Given the selected transducer dimensions with the relative /63 

distance of the cencral leads from the edge equal to k = 5 to 

the current-collecting conductors, only 0.8 percent of the 
4 perturbation is reached . Apparently , a further increase 
in the transducer directions in the x-direction is no longer ad- 
vlsable. Because of the foregoing, we can understand the con- 
siaerable reduction in the perturbing influences observed when 
the mounting location of the current— collecting conductors is 
shifted from the transducer edge to its center. 


The density of the transverse electric current at any point 
on the transducer, specifically, the mounting location of the 
current-collecting conductors, can be found by the above-con- 
sidered methods, for a given flux distribution pattern in the 
transducer. Under Kirchhoff's law, the transverse current will 
weaken or strengthen the transducer working signal. Assuming 
a flux q and transverse current i that are known for the conduc- 
tor mounting location, the effective recorded transducer signal 



(11.37) 


v/here the directions shown in Pig. 31 are chosen as positive. 


3. Interference and Noise in Signals of Self-Contained Heat 
Flux Transducers 

The working coefficients of small self-contained heat flux 
transducers are close to 500*10° VZ/m'^-V. When the fluxes are 
measured in the 10 -10 V//m range, the transducer signal varies 
roughly from 2 to 2. 10-^ pV; this corresponds to 0.05-50 deg of 
temperature difference at the intermediate layer. Along the 
current— collecting conductors, the temperature change as a rule 
turns out to be muc^h larger. Under all known methods o^ reduc- 
ing interference / 205 ./, evidently suppression of the causes of 
interference in the transducers is most radical in the measuring 
circuits. 
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According to GOST 1790—03 and 6916— tha error of thermo— 
couples made of standard thermoelectrodes may exceed 1 percent 

mainly to the inhomogeneity 

segment^/^lZ lot to lot, as within a single conductor 

As in the thermocouples, the interference source in self- 
contained heat flux transducer is the temperature difference 
along the thermoelectrodes . But the distinction here is that 
in thermocouples the working signal and the Interference origi- 

^^eason, and in transducers the signal 
Z measured flux that is not due to the tempera- 

ture difference along the current-collecting electrodes. 

As a rule, the temperature difference at the transducer is 
sometimes several orders of magnitude smaller than the tempera- 
ture difference at the current-collecting conductors. Therefore, 
lor the same tolerances for measurement error, the requirements /6^ 
on the homogeneity of the thermoelectrodes must be miuch higher 
for transducers than for thermocouples . 

To clarify the question of hovj suitable standard thermo- 
electrodes are for current-collecting conductors of self-con- 
talned heat flux transducers, a check was made for homogeneity 
by the customary method /92, 190/ . It \ias found that v/ires of 
pure metals have much better thermoelectrical homogeneity than 
alloys. Pure platinum (99.99 percent) and silver (99.9 percent), 
as well as electrotechnical conductor copper (GOST 2112-62) ex- 
hibit the highest homogeneity. But interference in alloys, in- 
cluding standard thermoelectrode alloys, is ordinarily one order 
higher than in pure metals. The nickel and iron analyzed had 
more than 1 percent Impurities; as to homogeneity they were 
between the alloys and the pure metals. It appears that we can 
expect all pure metals to have high hom.ogeneity . 

Requirements on the intermediate thermoelectrode are conven- 
tional, so it can be m.ade of alloys. 


All the foregoing about the requirements for homogeneity of 
transducer materials is valid also for materials in differential 
thermocouples for mieasuring small temperature differences. It 
must be noted that the system of selecting standard thermoelec- 
trodes adopted in the USSR is inferior to the systems adopted 
in Western European countries (Great Britain, France, and the 
FRG). In our country pure platinum is used only in the platinum- 
rhodium alloy-platinum thermocouole , but in all the other ther- 
mocouples both thermoelectrodes are alloy; none of the noble 
pure metals (copper, iron, and nickel) have been adopted as 
standard materials. In Prance, for example, most thermocouples 
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have the follov.’ing as the pure thermoelectrode: copper-constan- 
tan, iron-constantan, and nlckel-nichroine /28^7. As to cov; posi- 
tion, the last-named composition corresponds to our chromel. 

Because all alloy conductors, in particular standard thermo- 
electrodes, have low homogeneity, usually wires of pure platinum 
and electrotechnical copper are commonly employed for the current- 
collecting conductors of transducers. Even vjhen the transducer 
temperature is about 600° C, for a series-manufactured self- 
contained heat flux transducer, the interference from inhomo- 
genelty in copper can lead to an error in the measured flux of 
no more than 30-^0 V//m^. 

Perturbations and inhomogeneity in the measured flux (see 
Section 2 of this chapter) can be one of the main sources of 
stationary interference in the signal. 

At temperatures other than 0° K, all physical parameters 
of the transducer suffer from fluctuational changes. As applied 
to sell— contained heat flux transducers, this may end up in 
statistical variation in the transducer v/orklng signal. In 
some cases of measuring practice, this noise level determines 
equipment capability. In particular, at room tem.perature (20$ C) 
in metals the fluctuational electron stream is as high as 10^° /65 

A/cra /2^3,7. On the average this enormous current (existing 
Instruments can measure only billionths of its value) is com- 
pletely equilibrated by a current that is oppositely opposed 
for each area, to an accuracy of counted electrons per second 
(charge on the electron e = 1.6 "lO'^^ A's). 

The equilibrium that is quasistationary on the average is 
disturbed owing to the quantum nature of energy exchange between 
the particles of the transducer niaterials. In a formal analysis, 
the fluctuational nature of the signal is manifested, on the one 
hand, in the inhomogeneity of the differential equations, and 
on the other — in the inhomogeneity of the boundary conditions. 

Even if there were certainty as to the correctness of the main 
representations from which the differential equations are 
derived and the boundary conditions are form.ulated, their solu- 
tion would have to be limited to a number of simplifying assump- 
tions 71677. Therefore let us dwell cn_y on estimating the fre- 
quency spectrum of the fluctuational signal under conditions 
existing in the self-contained heat f lux_transducers , similar to 
v/hat Rytov did for metal conductors 71957. 

It is assumed that the period of the fluctuational oscilla- 
tion is of the_order of the mean free path length of electrons 
in the metal / 5_7 , and that this time on the average is equal 
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the usual condltions^of^tha*'^^i®t appearing In Eo, (n 38) rn 
magnitude s ?, are of 
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su^J^ measurements the time constSt of Jhf ordinary tech- 

^ ^ov,seordra\d°^o‘t%^ 
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v/lth appropriate corrections. * '* ' ^ accounting of them 

«nd ®ne given the necessary rf'l'.t t c...- h .... 

and the measured parameters in rhl n the true 

ment cases. ‘ amcters in the .most charac-orlsUc measure- 
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Transducer placed in infinite body. V.'hen measurements taken 
electrothermal models (plane problem) v/ere comoared 
with calculation results using the finite-differences method 
or axlsymmetric cases (three-dimensional problem), fairly good 
mutual agreement was obtained /J>2/ . Because of this, in the 
follov;ing period the concentrating (or dissipating) effect of 
the transducer v;as studied only v;lth plane electrothermal m.odels 
made of electrically conducting paper, with a Fil' chakov-Panchi- 
shln integrator, model EGDA-9/61, by the method of orthogonal 
conversion of current functions into a potential and the conver- 
sion of the potential into a current function. 

When the paper parts of the models were assembled v/ith elec- 
trically conducting cement, a large scatter of data points re- 
sulted. Since in these problems the required accuracy is much 
"^Sher than was adopted in the EDGA model, electrically conduc- 
ting conducting cements had to be abandoned, because they inevi- 
tably introduced uncontrollable local inhomogeneities in the 
est fields. To reduce the effect of local inhomogeneities in- 
trinsic to paper, the models v;ere assembled of several layers 
dissimilarly oriented relative to the direction of the poles of 
the initial material. But cement use remained the main reason 
for inhomogeneity . 

A solution was reached by using ordinary shot coated v;ith 
a thin layer of electrical insulation. A layer of this shot, 
heaped on a model assembled without cement, did not change the 
local conditions of conductivity and only slightly Impeded mea- 
surement. By the efiect of gravity the shot evenly compressed 
individual model component elements, thereby ensuring reliable 
electrical contact without disturbing the resistance fields. 

All measurements shov/ed good reproducibility and mutual agree- 
ment of results. The dependence of the correction factor /67 

^ mo ^ " 

^ on the ratio of the transducer thermal conductivity 

to the body conductivity, for different relative transducer 
dimensions, is shown in Fig. 36 . 

The correction factor k must be considered as the relative 
increase in the density of current lines caused by introducing 
the transducer. 

Transducer placed on surface of semibounded body. Owing to 
the symmetry of the temperature field and the flux field in the 
body, the results are applicable to the case when the transducer 
is on the surface of a semibounded body, assuming a boundary con- 
dition of the first kind. Corresponding to identical conditions 
are transducers whose thickness is half the value for the trans- 
ducers for v/hich Fig. 36 v/as plotted. 
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Transducer placed 
on surface of heat- 
exchanf'ier. When convec- 
tive heat transfer is 
Investigated, transducers 
are commonly placed on 
the v/all surface; this 
causes local increase in 
thermal resistance, lead- 
ing to distortion of the 
heac flux field. 


the ratio of the corresponding total 

^mea s ys 


For heat-exchangers 
on flat and curved v/alls 
characteristics such as 
total temperature head 
and thermal resistances 
of elements can be 
assumed Independent of 
the fact of transducer 
placement. And under 
Ohm's law, the 

correc- 

tion must be equal to 
thermal resistances: 
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Herf* , sys -t (11*39) 

measu?eG%/ the’ transducer ^aJd^reLS^d^?*^^® signal 
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the wall, when the transducer Is placed cn 
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for a spherical v/all, v/hen the transducer Is 
the inside, 


placed on 
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a.rf: 


I 
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' -1- ‘ ■:. _j_ / 1 _ _L\.f ■ !_■ /jj /JM 

1-ho conditions Of flow of the radiative components of 

equivalent, it is necessary that the 
^ decree of blackness equal to that for the 
.'/ail in the transducer placement location. The difference in 
the surface properties of the transducers allows us to distin- 
cuish convective from radiative components In coniolex heat 
transfer (see Section 3, Chapter 7). 
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Measuring Nonstationary Fluxes 


REPRODUCmiU'IY OF THE 
ORIGKAL PAGE IS POOR 


absorption or emission of th^ minimum. The extent of 

as the receiving surface ?nd th^ element must be the same 

inSL" 

In the linear version, the heat-physloal properties (1 • 

the surface x*= «^°aro \t"umed%o°be"f*'d"^^*J eoefflolent at 

2 assumed to be independent of temperature. 

Fig. 38). aosignated by the subscript 2 (see 

conductivity^lqSatlont^ described by a one-dimensiona] thermal 


dtix.t) „ tlVfr.Ti 
=“‘~~ 


(11.^15) 


?!!nnion^r?io\°4Sor°fo?wM?h th^th"''"? selected as a 
tion is used (a^ or a,) ^ thermal conductivity equa- 

As per the f-oregeing, the boundary conditions can be written 


^0-e,.T) , _ dn6..r) 

^ — <7(T); — - -^|/(A. t,-/„(t)! 

/(O — 0. T) rr /m -- n Tt <?/ (0 - 0. T) K ,}l |Q - Q. t) 

OX " /., Ft 


(II.i<6) 


tions^LrCrCsriL'^Laplace^t^K^L^^ manipula- 

■Eq. (II. H5) and conditions ai!K?: »e%t nror. 

--'IV-!! - 

‘‘ci ^ (C,. (II.^<7) 


(II.^<7) 



dr(- 1, s) 
“0, 


(II.I18) 


— V'l dT (0~0. s'i 

'•1 ' ‘iC, V;” do. 


7(0 - 0. 5) = 7(0 -f 0, 5 ); = - “ 5 ^ir(I. 5 ) - 7o(s)l 

i 2 2 
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where 7 (o<, s)= J /((?;. T)c"”dr=I-[/(Qi,T)) is the Ima^je of temperature 

0 

^(0<> T): Q(s) — £.(y(r)J, 7 o(s)— il(/o(r)J are the images of flux q(x) 

and temperature tQ(x). 

Equations and boundary conditions are reduced to dimension- 
less coordinates; in each region (1 and 2) the coordinates are 
related to the corresponding plate thickness. 

The solutions to Eqs. have the follov/ing forms: 

7 ((?,.s) = /l,shp,Q, -fB,chp,o, 

7 (Oj. s) ~ Aj sh PjOj + Dj ch ( II . 9 ) 



Starting from the assumption made about the linearity of 
the conditions, the solutions (11.^9) can be exoressed in terms 
of the transfer functions: 


7(0,. s)« K, ( 0 ,. s) Q (s) 4 - K, (n,. s) r^(s) 
7 (o,.. s) ^ (03. s) Q (s) -f K, ( 0 , s) T, (s) 


(II. 50) 


where Y and Y are transfer functions Unking the temperature 
images In the 'icdy with the images of heat fluxes Q(s) and, 
thus, the temperature images of the medium Tq(s). 

V/hen investigating the nonstationary conditions, it is best 
to apply the li. A. Yaryshev method; fundamentally, it perm.its 
solving the problem when there is arbitrary variation in_time of 
both the incoming fluxes and the boundary temperatures /2^l5/. 
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Among the diverse conditions of measurement, the follov;- 
ing cases are technically meaningful: 

the measured (positive or negative) flu;< is received by a 
transducer placed on the surface of a semibounded body (Fig. 37, 

part of the heat-exchanger v:all is replaced with a trans- 
ducer (Fig. 37, b) 

the transduc'^r located on a section of the heat-exchanger 
surface receives the recorded flux, passing further thi’ough the 
^all and re.nioved at the rate a tc*.;ard a r.edium at a temperature 
tQ(x) (Fig. 37, c) 

the measured flux initially penetrates the bearing v/all, 
and then passes through the transducer to the surrounding rredlum 
(Fig. 37, d). 

In our case the measured flux q(x) and temperature t„(x) /71 

of the receiving medium are arbitrarily specified functions of 

time . 


All the variants enumerated can be reduced to particular 
solutions of the thermal conductivity problem for a tv/o-layer 
wall. V/hen evaluating the effects of nonstationary character- 
considering the results given in Section 2 of this chapter, "v;e 
can neglect the distortions at the oeripheral regions of the 
transducers and we consider them as Infinite nlates, lust lik-^ 
the bearing wall (Pig. 38). 
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Fig. 37 Schematic repre- Fig. 38 Fodel of tv;o- 

sentation of different cases layer wall 

of transducer operation 


Substituting Eqs . (II,i»9) and (II. 50) in (II. ^48), we get; 


(o,. s) = -J— (Pj (chPj ch P,o, — X sh p, sh p,o,) -7- ' 

r Cj (sh Pj ch P,o, — 5 < ch p, ch p,o,)I; 

IPi ch pj ( 1 - c,) + Cj sh Pj ( 1 _ o,)l : 


y, (Oj- 5) = (sh p, sh P;Q, + y. ch p, ch p.ri^l, 
wh ere ^ = P, IPj (^ h p, ch pj -{7 x sj, p^ ch p,) (sh p, sh p; -f- x ch p, cf i p,)) 


P. 

p;»m; 


i.f.v. . a«« 

Xcv“ “ “Ti “ 


(II. 51) 


Prom the solutions (II.5I), we can determine — in particu- 

values of the transfer functions for the above-consi- 
dered cases . 

Corresponding to Fig, 37 » a is an unbounded increase in /72 
the thickness of the supporting transducer of a plate (6^ -*• ") . 

And the values -n and increase v/ithout bound at the same 

time. After simple transformations and cancellations from the 
system of equations (II. 5I) for the transducer placed on the 
semibounded body (II.51), we find 


Y (o O = A- 

o'"r > A,p,- shp,-«cht 5 , (II. 52) 

>',((?,. s )-0 


Corresponding to Fig. 37, b is ■ limited fall-off in the 
thickness of the supporting wall to zero (. 6 ^ ■* 0). And n and 

also falls off to zero. 

As a result, from the system of equations (II. 51) we --et 
the f ollov.'ing transfer functions for the heat-exchanger surface 
lulfilling the functions of a transducer, considering that 

, X ^ a6i 

W — ~ rt = — ^ . 
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y,„ ,,-i 

‘ <, V'f s) - Xj • p, ip, f.h pj -- cu p,) 


K,(o,.5) = 


4,chp,(l -rP,) 
p,shPj-;,chp, 


(11.53) 


Finally, the second of each pair of Eqs . (II. 51 ) are appli- 
cable to the ca.:e of Pig. 37 , d. 


The particular cases of Eqs._(II. 52 ) and (11.53; coincide 
with N. A. Yaryshev's solutions /2i^5/, obtained ir; individual 
derivations for a one-layer v/all and a plate laid against a 
semibounded body . This derivation method in the general case 
with conversions to particular cases is more universal. 


The solutions described allow us to evaluate the factors 
affecting the measurements and to classify them bv decree of 
importance. ‘ 


A transducer as such is a three-layer wall, which in con- 
junction with the supporting element roust form a four— component 
system. In the one-dimensional representation, the thermal con- 
ductivity equation is retained in the form (II.i<5) and the boun- 
dary conditions are similar to (11.46). The method of construe- 
ting the Golution is transparently clear, but so cumbersome that 
the conceptual extension of the results does not Justify the 
means with which the results can be obtained. The effect of the 
presence of current— collecting plates can be estimated approxi— 
matoly with simpler relations derived in the preceding section. 

Let us look at the case when the transducer is placed on a 
semibounded body that has heat-physical characteristics of the 
intermediate plate of the transducer. The effect of the cur- /73 
rent-collecting plates can be neglected, to the first approxi- 
mation. mermal conductivity in the transducer can be described 
by Eq. (II. 52). 


To evaluate the effect of the nonstationary character of 
the regime, all we need to do is compare the flux entering the 
plate with the flux leaving it on the opposite face. Require- 
ments on the value of the ratio of these fluxes in accordance 
lijith the uniqueness theorem can be formulated both in the ori- 
ginals and in the images. The latter is much more convenient, 
although it contains a certain incompleteness for the final 
numerical estimate. 


The derivative with respect 
fer function from the flux to the 
imagine tlie local heat flux. So 
the ratio of the flux images 


to the coordinate of the trans- 
temperature is a measure of 
from Eq . (II. 52 ) we can derive 


0 ( 0 . <1 


i, s) ! 

< 5 . * 

^ 1 0,«0 


1 


( 11 . 5 ^) 


side of Eq. (Ii 5/1) nust be value ol the right-hand 

of 6, corresponci^ And In to which small values 

ire.pond. And in the expansions of the hyperbolic func- 
tions, we can limit ourselves to the first members: 


_ 0(0. s) 
0(-l.j; 




( 11 . 55 ) 


tionary’character*"of a^olate^nin heat-measurement nonsta- 
Spf the transforn. the product st must be 



rx- 


( 11 . 56 ) 


For the above-described copper-constantan transducers, when 
the criterion t< have identical values the n 


the meSl„r?o'tK t'raSsducer" Sal'’frun“?hrLses '’°'’^‘“ ^ 

the^fh'^'^^^1 thernioelectrical coefficient^^^nd^ 

the thermal conductivity coefficients-are equal to tS " 
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difference of the correspondinc transfer func 

receiving and 


tions of 
emitting 


tempera- 

trans- 


(s) = (a, - a,) [K, (- I . s) _ K, (0. s)J 
(s) = (a, - ctj) lY, (-1.5)- Y, (0. 5)1 


(11.57) 


Inhere Zg(s) is the transfer function from flux to transducer 
signal, and Z^(s) is the transfer function from temperature of 
the medium to the transducer signal. 

(II.52rand‘a;!57r«'’rfSdf ® ^emlboundedbody, from Eqs. 


Zq (s) — 


I chp, — l+Kshp, 
‘ sh^j+xchii, 


(11.58) 


where is the transducer 

equal to the stationary flux causing 


coefficient, numerically 
a unit transducer emf . 


T.»e Inverse transforms foi* findinr the cririnai':^ f-nov^c^ 

ducer emf values-can be presented for®sSol?If caser^^^Srr' 
nurefwur^imr desorlblnE the chances In the measured® 

toT a^rrinx/Se'’havr‘'^“"’ 


? (y) = ?o = 



•7T.39) 


Referring to Eqs. (II. 58 ) and (II. 59), 
transducer emf can be defined as: 


the change in 


the 


v;here L 


is 


An = L-' lZq(s)Q(s)] 

the inverse Laplace transform. 


( I : . 60 ) 


For a plate on 
easily obtained for 


a semi bounded body, these transfor.. .> 
the following particular cases. 



1. The transducer heat-physical properties coincide v/ith 
those for a semibounded body ( k = 1): 




( 11 . 61 ) 


2, The supporting surface is an ideal surface ( '''•'*"0 ) : 








( 11 . 62 ) 


3. The supporting surface is an insulator 

t— n>(2rt— t)* ‘l\ 


cxpi-»M2'. 

* Graphically, the values 


(11.63) 



in signals of transducers 
placed on semibounded body: 

1. according to Eq . (11.62) 

2. according to Eq. (11.63) 

3. according to Eq. (11.6^) 

Key: a. seconds 


0= corresponding to 

Eqs. (11.61*) - (11.63) for a 
series-manufactured transducer 
are presented in Fig. 39. 

As the thickness of the 
supporting v/all decreases to 
zero (see Fig. 37, b), the trans- 
fer functions of the measured 
flux and the temperature of the 
medium to the transducer signal 
are defined by Eqs. (11.53) and 
(11.57): 


_ , , I P,(chP,-l)-ft,^ hp, 
P,tP,shp,-rC,chp,) 


(11.64) 


In the double wall variants (see Fig. 37, c and d) for the 
transfer functions (II .57) , by referring to Eq . (11.51) v;e get 
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K ^2 + ^2 P 2 ) ('h P, - 1 ) -r S', (pj Sh pj -f 

.+ C2chP2)shp,l: 

(s) = ^ tp2 (ch P;. -^- *) 4- P:l; • 
xS.P, (a, — a.) 


(11.65) 


2„(s) = 


(chp,~l): 

■- • ■- ’ [sh p, sh p. Vx ch p, (ch p, - 1)1. 


In the case of arbitrarily specified q(x) and t^Cx), their /76 

images Q(s) and Tg(s) are known, and the emf will be determined 
from the obvious symbolic equation: 

( 11 . 66 ) 

« (X) = £.-■ [Z^ {$) Q (s) + Z, (s) T, (s)] 


Exact values cannot always be found for the Inverse trans- 
form (11.66), as--in contrast — has been done for the three cases, 
of transducer placement on a semibounded body. But if the exact 
transform is not known, _we_can use any of the methods of getting 
the asymptotic values / 2_/. These operations require a certain 
caution, since not any asymptotic and even convergent expansions 
necessarily lead to valid results. Although from the Lerkh 
theorem it also follows that approximate originals correspond 
to the approxiiiiate images, a measure for this correspondence 
has not been established. Therefore each solution is best re- 
duced to particular cases that have exact solutions or that 
have a representative confirmation of solution correspondence 
for each group. 

For rational algebraic functions it is convenient to use 
the Vashchenko-Zakharchenko (Heaviside) expansion theorem, and 
for periodic functions, apparently, the allied Fourier or Hil- 
bert transforms are more suitable. 

So in any formulation a complete solution to the problem 
does not encounter fundamental difficulties. Cumberscmeness in 
computations now may no longer be much of an obstacle, thanks 
to successes in designing and developing high-speed digital 
computers. Let us turn to analyzing the particular cases. 
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ourselves to the 

fer fiinnhir,"” ^ IJCrarretor s in the expansions of the trans- 
numerator and denominator (II. 6^^) and (II 65) 

-P-— as tl‘eYolL. 




» S ~ 4V 


(11.67) 


ooemclents In the app;oxl^Le‘’eipl^sioS^ (il'tsSf "!l°her'' 


. I 3-fC, 


2-^1 


n “ 


fL i»L_ 
6i"3 + C, 


A* = 0; W = A-^ 
-6j -'+C, 


(11.68) 


Analogously, for the two-layer v/all in Eos (tt f^c:^ « /nn 


v/hence 


2^1 (s) ~ ^'1 j ^ (s) — 


h -Llh£i_« 

* i+.Ut • 




n, = 




l-rt, + xt){2+S,)-r^ 

‘ Jr) 

‘ - 6in- 3-rJ. 

= AWO; 


(11.69) 


(11.70) 
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where p = ,j(i ^ xji) -i- ?j[n + 


11 the temperature of the cooling medium is constant and 
is equal to the temperature of the measuring system with which 
sudden exposure to constant heat flux is begun, q(T) = q^, 

tg(T), and their Images are 


Q(s) = .^; To(s) = 0 


(11.71) 


Referring to the system of equations (11,70) and substi- 
tuting (11.67) -.(11.69) and (11.71) in (11.66), we find the 
trends of the transducer signals v;ith time for the cases shown 
in Pig. 37, b: 




( 11 . 72 ) 

(11.73^ 


in Pig. 37, c: 


in Pig. 37, d: 


AH^OO| 



(II. 7*0 

.1 = 
•c 

(11.75) 


(11.76) 

l*c J 


i ' * t 

(11.77) 

(11.72) - (11.77) establish 

the 


Au(t> 

A«lcoi 


* ^ L/ ijv.- rinu une ofus- neau i luxes 
in the transient regime in different cases of practical interest. 
However, we must remember that in deriving Eqs . (11.72) - (11.77) 
small values of s were assumed, to which there correspond the 
time values that are large enough for the process to be viewed 
as a regular second-order regime. 



OF THE 

T\^ * . 

From the derived equations v;e can determine the inertia for 
different transducer operating conditions: the time constant is 
equal to a quantity that is the inverse of M or Referring 

to the corresponding equations in the systems (11.68) and (11.70), 
it is easy to find the dependence of the transducer inertia on 
parameters like the intrinsic transducer time ^.nd the 

intrinsic bearing v/all time 6^/a^, their ratio n , the Biot 
criteria and the ratios of the heat-receiving capa- 

bilities K. 



To 


The values of the dimensionless time constants for the cases 
shov/n in Fig. 37, b are 


in Fig. 37, c 


2-r£, 




n(i + +n^] 




( 11 . 78 ) 

(11.79) 


in Fig. 37, d 



>U> -fxtiT + Jj 


h 



n-j.x . 


(II. 80). 


In particular, for a series-manufactured self-contained 
copper-constantan transducer (a^ = 7*10“° m^/s, 6^ = 10~3 m), 

when C, = ?_ = 0.05 (a = 1000 W/m^'deg) for the case in Fig. 37, /79 
c, the'^time'^constant is 3 s . When the transducer is placed on 
the v/all surface with the same characteristics as the transducer 
(n = 1, K = 1), the time constant is increased to 6 s . 


6. Technology of Fabricating Series-Manufactured Self-Contained 
Heat Flux Transducers 

the fabrication technology of series-built self-con- . 
ta .X transducers v;as under development, unitary 

in'.,! transducers were the goal. A nearly identical 

effe, . . se achieved in welded and galvanic versions. Pre- 

fereru:-.-, obviously, must be given to the latter. 

The process of making v/elded transducers includes the fol- 
lov/ing main operations; blanking and machining the current- 
collecting copper electrode-plates; m.aking and machining the 
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intermediate constantan electrodes; making current-collecting 
conductors and vjelding them to the plates; v;elding one current- 
collecting plate to the intermediate eJectrode; filling the 
channel for the lead-out of the conductors v;ith heat-resistant 
insulating compound and v/elding the second plate; external mach- 
ining to remove v;olding defects and burrs, and decorative polish 
ing; and nickel-plating. 


Blanking the copper and constantan plates consisting in 
annealing the corresponding sheet materia] , rolling it to the 
required dim.ension, and stamping it. Then an 0.8 mjr. diam.eter 
opening vtas drilled in the constantan plates, in their center, 
and a channel was cut out for leading out the current-collect- 
ing conductors . The resulting products v;ere cleaned free of 
burrs, straightened, annealed, etched in hydrochloric and nitric 
acids, and washed aad dried. Constantan plates were ground on 
a grinder that gave a surface finish not worse than class ten. 

On one side the constantan plates v/ere cemented to a polished 
fused quartz disk. The disk was mounted in a special holder 
that ensured parallelity of the surfaces of the quartz and v/ork- 
ing cast-iron disks during complex relative motion. The cast- 
iron disk was bathed vjith v;ater containing abrasive additives. 
After one side had been machined, the plates were turned over 
and the other side v;as machined. About 50 plates were machined 
at the same time. The machining precision for the entire set 
was not lower than 10 pm. 


Standard copper conductors in an enamel insulation 0.20 mm 
in diameter were used in making the current-collecting conduc- 
tors. The cond"uctors v/ere 1.5-2 m long. 

Conductor ends v;ere carefully stripped of insulation to a 
length of 3 mm and bent into a loop 0.6 mm in diameter. The 
prepared copper and constantan plates and the conductor ends 
v/ere etched in v/eak sulfuric acid, washed v/ith water, ethanol 
or carbon tetrachloride, and sent for v/elding. V/eldlng a copper 
conductor with a copper plate v/as most tricky. Satisfactory re- 
sults v/ere realized v/ith silver, tungsten, and molybdenum elec- 
trode-clamps. Carefulness in cleaning the contacts and preparin 
products to be welded is very important. Even so, the rejection 
rate in welding copper to copper it as high as 80 percent. 

The copper plate with the soldered conductor is placed on 
the constantan plate in such a v/ay that the conductor loop falls 
into the central drilled opening, and the conductor--in the 
channel, b’elding begins at the cento:', extends around the edge 
of the cut with successive transitions v/lth a spacing of about 
1 mm, and gradually approaches the periphery of the blank. In 
conclusion, welding is done twice along the edge. 



After the first copper plate has been v;olded on, the cut 
In the constantan plate is filled v;ith silicate concrete /215/, 
ihe filler insulates the outgoing conductor from the plate^s ~ 
and immobilizes it, protecting the v;elding location against 

latter feature is important ov;ing to the unreli- 
ability of welding copper to copper. Welding the second plate 
Is similar to welding the first. Next, the remaining part of 
the channel is filled v;ith silicate concrete. Shallov/ pocknarks 
remain from welding at the external working surfaces in the 
welded transducer. To eliminate the v;eldlng defects and to 
ensure dimensional identity, the transducer v/orking surfaces 
are ground, and the side surfaces are cleaned. The polished 
transducers are nickel-plated for protection against corrosion. 

The thickness of the ready-to-use transducers varies in the 

range 0 . 85 - 0.95 mm. 

successive calibrations, the welded transducers 
shov/ed significant (to +30 percent) scatter and variation in 
the calibration characteristics with time. The greatest defi- 
ciency was due to the inhomogeneity of the v;elding of copper 
plates to the constantan plate. The result was that additional 
thermal resistance was induced in the transition betvieen the 
metals that was dissimilar in different transducers and varying 
in magnitude with time. This deficiency can be eliminated 
by the galvanic deposition of the current-collect. .ng plates. 

The variation in the technology dem.anded some change in design: 
the conductors v/ere led out through the drilled openings in 
the body of the intermediate thermoelectrode (Fig. ^0) , 

Fabrication of the galvanic self-contained heat flux 
transducers can be subdivided into the follov/ing operations: 
preparing the plates for the interm.ediate thermoelectrode: 

openings in the body of the constantan plate from 
the edge to the middle; drilling the transverse openings; sink- 
ing the rims of the transverse openings; embedding. of the col- 
lecting conductors; final grinding of the intermediate thermo- 
electrode; galvanic deposition of ' the ' current-collecting plates- 
machining of the excesses of galvanic deposition; grinding and 
polishing of the external transducer ‘surfaces ; and galvanic de- 
position of a protective coating. 

Prepc .’ation of the constantan plates for galvanic trans- /8l 

ducers does not differ in general outline from the prepara- 

tlon described for v/elded transducers. Constantan plate thick- 
ness in the finished product is usually O.95 mm, with a toler- 
aiice of +1^ lim. 

The openings v/ere drilled in a special conductor that en- 
sures a pairv/ise encounter of the openings in the plate body. 
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ne 4 6 -• 0 ''ith Interr.ediate plate thick- 

0 65 ~ ^ihll ?hl diameter of the ,lon[:ltudinal openlnGs is 

the lonMi-nHfno?^ transducer size is 10 x 10 mm^, the depth of 
JeJse Sw nod ±nf n-^"f 5.5 mm. The diameter of the trans- 

Thl- ^ ^ chosen as somewhat smaller— 0 . 55 mm. 

Thio. Is so because when the drillinc axes do net coincide (and 

dial’ll > upon entering the hoad-cn ooenlng the 

SetJJ fractures. When thl dnin Ila- 

ducld ‘ Probability of fracture is re- 

'^o^^etheless, in short transverse openings the drills 
fracture more often than In lone lonsltudinal cpenlnEs? 

I 

The transverse 
openings are counter- 
sunk using a tool at 
an angle of 120° to a 
depth of 0.1 mm. 

The current-col- 
lecting conductors are 
made of grade PEL copper 
wire 0 . 2 - 0.25 mm in dia- 
meter and 1 . 5-2 m in 
length. , One end of the 
v;ire is stripped, the 
second is threaded at 
first through a quartz 
bushing, and then 
chrough a drilled open- 
ing in the constantan 
plate. At the threaded 
end the conductor is 

Into a™ fusion, the threaded end°is lowered^" ' 

bath of graphite powder and through the conductor 
is passed a current as was done in the fabrication of ?heSo- 

to^S disFance fusion Insulation enamel is scorched 

to a distance of 2-2.5 mm from the bead. The bead is etched 

/.V.- 5 K technique of_drav/ing out the insulation tubes v;as d^s- 

/21V. Quartz tubes are harder to draw 
han glass tubes; on the other hand, they are stronger and more 

subsequent handling. Blanks 200 m.m in length are 
calibrated as to inner and outer diameters. -Lengtn are 

on r, S?® °^^ anf'le of about ^(5° /82 

and . J inserted into a speclS chuck ~ 

and a bushing 0 mm long is broken off from it ^ 


Fig. ^0 Galvanic self-contained 
heat flux transducer: 

1. Intermediate plate 

2 . current-collecting plate 

3 . .insulation bushing 
thermoelectrode 
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On the conductor the bushing is lubricated with silicate 
or organic cement and, v;ith the required orientation of the 
oblique cutoff, is inserted into the drilled opening in the 
constantan plate up to the stop. 

The etched bead on the conductor is drawn into the coun- 
tersinker, flattened v;ith a small residual deformation with 
a special screw clamp, and with several discharges on a capa- 
citative v/elding machine it is welded to the plate. Similar 
operations are performed also on the other side of the plate. 

The projecting parts of the copper beads are stripped off 
on a facing diamond wheel. After finish grinding, the trans- 
ducer blanks are sent to be copper-plated. The technology of 
copper-plating and nickel-plating is conventional. Before the 
galvanic coatings begin to be applied, a reverse current is 
switched on for a short period. Checking the adherence of the. 
galvanic coatings is done by bending the specimens at an angle 
of l 80 ° and allov;ing them to straighten out. V/hen this is done 
constantan is observed to fracture at the drilled openings, 
v/hile the copper coating does not flake. 

Using a diamond tool permits such a careful machining of 
the surface that the finished transducers can be "glued" to 
each other by lapping, like loganson plates. Given this kind 
of machining, there is no chance of skev.'ing of the measured 
flux because the transducer thermal resistance is nonuniform. 
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Lov; sensitivity is a serious failing of self-contained 
transducers. The working coefficients of monolithic self-con- 
tained transducers, 1 mm thick, average approximately 500*10° 
W/m^*V. The most sensitive series-manufactured measuring instru- 
ments (F-18, F-116, V-1-^4, and V-2-ll), at their lower limits, 
have scales designed for measuring 1.5-10 pV. 

State-of-the-art capability of boosting dc signal strength 
is, practically speaking, applied in the instruments mentioned 
above. Now in custom-built instruments that have to be carefully 
insulated from external influences or that have to be deep-cooied 
sensitivities one to tv;o orders greater have been attained. So 
the lov;er limit of measuring heat fluxes With self-contained 
transducers evidently lies at about 200 VJ/m^. 

The need to measure much smaller values comes up from time 
to timic in technology and in the environment. For example, the 
flux through partitions betv/een refrigeration chambers seldom 
is more than 1 V//m^, but the geothermal flux averages about 
0.03 V//m.2 and in some areas more than an order of magnitude 
smaller than this value. All of this leads to the necessity of 
improving sensitivity by four to five orders of magnitude. The 
simplest solution to the problem is in connecting together self- 
contained elements into series banked instruments. The trans- 
ducers that result are called banked transducers (banked neat 
flux transducers 

Following a brief look at common structural and technolo- 
gical features, in this chapter v;e present the results of theo- 
retical studies of optimal transducer characteristics. Calcu- 
lation formulas are derived from an amplified theory of simil- 
arity. Briefly described are the main technological processes 
of series manufacture of banked heat flux transducers. Conclu- 
ding the chapter, \ie give the theory of a slant-layered banked 
transducer that pioneers new areas in heat measurement practice. 


REPRODUCIBILITY OP THE 
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1. Deslcns of Banked .Heat Flux Iransducers 
Questions of Their Construction 


and General 


/8ii 


that thP banked heat-measuing instrument is 

that the elements are connected in parallel v/ith respect to the 

measured flux and in series with respect to the renerated sirnal 

loltlllTll,-! a962) werl sli?""'- 

contained 2x2x1 mm^ transducers. The outermost layers of che 

Dlate^uerr^i-'^^^^H®^ copper foil. The intermediate 

plates were stamped out of constantan ribbon. Intervals and 

elements »ere I-llled with JnsuiStlng cLp"“n'i- 

above and below the banked instrument thin mica v/afer-sheets ’ 

were placed. The sensitive elements were fitted into a m.etal 

stainless steel; it was covered with a lid welded to 

technological considerations, round housings 

wSI transducers ^ 

were maoe for different organizations. 



Fig. iJl Connection diagram 
of triangular elements in 
round banked heat flux trans- 
ducer 


tions of shield devices, and 
is relatively modest. 


The number of elements in 
these transducer, called disk- 
type transducers, was as high 
as 11^4; sensitivity could thus 
be boosted by two orders com- 
pared to a self-contained 
transducer /6j^7. Triangular 
elements can fit much miOre com- 
pactly in the round housings 
(Fig. iJl) . Recently these 
designs have found little use, 
since more efficient versions 
have been developed. 

When sensitivity is pushed 
even higher through added' ele- 
ments, element cross-sectional 
areas m.ust be reduced. Here 
the ratio of element height to 
element cross-section changes 
considerably. These systems 
can operate only in banks where 
the neighboring elements each 
perform for each other the func- 
number of the outermost elements 


One attempt v/bs simply reducing the 
slons of the disk-type transducer element 
connection sites of the thermoelectrodes 
parallel planes. 


cross-sectional dimen- 
s down to 0.1 mm. The 
were arranged in two 
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Because of the relatively high thermal conductivity, /85 

therrnoeloctrodes carry nearly all the flux, so the transducer 
readings, in contrast to a thermopile, depend little on the 
cooling co:iditions of the cold Junctions* These transducers, 
like the self-contained versions, differ from ribbon calori- 
meters, for example, t>he Shmidt calorimeters, by the fact that 
the auxiliary wall of the former is formed mainly by thermo- 
electrodo materials. So they az’e more compact, have much lower 
thermal resistance and, still, are m*ore sensitive, generally 
speaking. 

Theoretically, more than 10^ conductors, 0.1 mm in dia- 
meter, can fitted per square centimeter; this corresponds 
to 5000 paired elements. In practice, the number of elements 
in series manufacture only slightly exceeds 1000 per cm^ and 
only \vith especially careful fabrication can this number be 
raised to 2000 per cm^. Compared v/ith the self-contained heat 
flux transducei's , banked heat flux transducers are more sensi- 
tivity because of the larger number of junction pairs and the 
high flux concentration 72567. 

The transducer as a finished product must consist of a 
tightly laid-cut system of a set of thin v/Jres v.-elded at their 
ends in a strict sequence of alternating materials. Each error 
allowed in the v/elding sequence leads to a change in the sense 
of polarity for the signal generated by the next part of the 
banked instrument. Making a mistake just once in the middle 
of the banked instrument is enough for the entire system sensi- 
tivity to become near-zero. When there Is a large number of 
elements, even a slight probability of error in the element- 
connection sequence makes operating the device meaningless. 

Consecutive connection of short segments (1 mm) of dissimi- 
lar materials is conveniently done in a network v/oven of paired 
thermoelectrode wires in such a way that one of them serves as 
the warp, and the other — as the weft. We weld the wire intersec- 
tions. Then strips are cut out of the network so that they con- 
sist of successively alternating segments of paired electrodes. 

A miniature ribbon-ladder is insulated and compressed so that 
the segments take on an alternating orientation. The ribbons 
are v;elded into several pieces, fitted into a compact set of 
rov;s, and pressed dov/n. As to plan view, the bankad instrument 
becomes square-shaped After pressing, the blank is filled with 
epoxy resin ox* ceramic compound and is heat-treated 760/. 

One deficiency of this transducer is that the operator must 
pay attention to each junction several times. So manufacture 
of banked heat flux transducers is laborious, fatiguing, and 
low in productivity. 



Galvanic thermocouples considerably simplify the manufac- 
ture of banked heat flux transducers, while only slightly lov;er- 
Ing sensitivity. 

Under the first technology, the transducer sensitive ele- /86 
ments are made in the form of screv/ springs v;ith outer diameter 
of about 1 mm, wound of 0.1 mm diameter constantan wire. Half 
of each turn is copper-plated. After copper-plating, a spring 
is coated v/lth insulating varnish and one of the free ends of 
the v/ire is threaded through the inner cavity of the spring. 

The lead viires are together in this case, simplifying instal- 
lation. The spring is fitted into the transducer along a 
spiral path in such a v;ay that the transition sites of the 
copper-plated half-turns lie in the upper and lov;er transducer 
planes. Prom the kind of element placement^ toe transducers 
came to be called spiral- type transducers /59/. The transducer 
is placed into a metal housing and filled v/lth several different 
setting compounds. 

Shortcomings of the spiral transducers include the low 
density in filling the space occupied by sensitive elements; 
because of this the therm.al resistance of the transducers is 
fairly high; another failing is that when the elastic springs 
are copper-plated, then fitted into the banked instrument, 
major technical difficulties must be faced. 

Correcting these failings while retaining the advantages 
was achieved in sandv/ich-type transducers; their fabrication 
technology is given in section 5 of this chapter. The unques- 
tioned advantage of sandv/ich-type transducers, compare^ with 
network transaucers is that operator attention now does not have 
to be directed at individual elements. 

In several cases the sensitivity of the sandv/ich-type 
transducer is found to be more than good enough. Here metal 
banked transducers v/ith low thermal resistance can be used v/ith 
good effect. A round channel 20 mm in diameter, 2 mm deep, and 
1.5 mm v/lde, is bored in a 30 mm diameter metal housing. The 
channel walls are insulated with high-temperature enamel. The 
sensitive element, placed into the channel, resembles the blank 
for the sandv/ich-type transducer. Usually, chromel or nichrome 
v/ith a galvanic nickel coating is the base. 

Depending on the required thermal resistance, the housings 
are made of copper, brass, or stainless steel. 

As applied to the operating conditions of electrolyzers for 
making alkali and alkaline-earth metals, a special round alundum 
transducer v/as developed, built v/ith several specimens, and 
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tested in working conditions /Hi/. Its distinguishing feature 
is that in it an "auxiliary" wall in cylindrical form is used; 
along the generatrix of the cylindrical form the "hot" and 
"cold" junctions of the differential thermocouple are depo- 
sited on both sides. If the heat flux penetrates the "auxi- 
liary" v/all in such a way that it has a component that is per- /87 
pendicular to the cylinder axis, some temperature difference 
is formed along the cylinder generatrices in the plane of the 
heat flux vector. This difference will be directly propor- 
tional to the magnitude of the normal component of the heat 
flux and can be measured \-jlth a banked differential thermo- 
couple whose junctions lie on diametrally opposed generatrices. 

The thermoelectrodes are fitted in a groove on the cylindrical 
surface so that the surface of a cylinder v;ith placed thermo- 
couple is smooth. The output signal of the system, consisting 
of an auxiliary cylindrical body with a banked thermocouple, 
is directly proportional to the magnitude of the heat flux 
component that is normal to the cylinder axis, and therefore 
the system can serve as a heat flux transducer. 

When the heat flux is being measured, the alundum trans- 
ducer is placed tightly on the body in v;hich the flux measure- 
ment must be made. Ov/ing to the round cylindrical shape, this 
kind of transducer can be rotated abouc an axis. When the plane 
of the banked thermocouple junctions coincides with the plane 
of the heat flux vector, the signal value reaches a maximum. 

Thus the transducer can determine not only the value of the 
normal projection, but also the direction and magnitude of 
the maximum value of the normal component of the heat flux. 

The thermocouple spiral is made by galvanic deposition of 
the paired material on a viound base (for example, nickel on 
chromel or nichrome) or by preliminary v;elding of the blank 
for a spiral of segments of calculated length of the paired 
thermoelectrodes . 

For protection against the corrosive halogenide atmosphere, 
the prepared rod with the differential thermocouple on solidi- 
fied clinker is inserted into an alundum sleeve and, after 
drying, calcined. 

Calibration is carried out on the v/all of a hollow-body 
graphite cylinder in conditions aproxlmating full-scale condi- 
tions in an electrolyzer. ’.7hen measurements are taken, the 
transducer is placed with respect to the flux by rotation about 
an axis. 


'•r'lnn ITY OP THE 

BEPROhoCIBTEll 
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2. Optimization of Design Parameters for Disk-Type and Network 
Transducers 

A single element, replicated many times by successive con- 
nection into an electrical circuit for forming' a banked trans- 
ducer, is a combination of descending and ascending branches, 
shown in Fig. ^2. 

It is assumed that the regions of the junction areas are 
sufficiently small that their effect can be neglected. Part of 
flux measured flows along the insulation in thf: intervals be- 
tween the columns. The total cross-sectional area of the insu- 
lation depends only slightly on the ratio between the branch 
cross-sections. The fraction of the flux accounted for by the 
insulation is small, so its variation need not be taken into 
account . 

The Peltier and Thomson effects do not depend either on 
cross-sectional area, or on the perimeters of the thermoelec- 
trodes. Both effects are directly proportional to the current 
strength. Below vie examine the conditions of maximum yield 
with respect to the electric power, to v;hich the maximum current 
generated corresponds . The value of the current near the maxi- 
mum varies only slightly, and at the maximum the change in cur- 
rent is zero. So v/e can also neglect the Peltier and Thomson 
effects. 

The electrical resistance of the matched load, as we know, 
is equal to the resistance to the generating unit. In this ca 
the resistance of the load occurring on each element considere 
that is made up of two branch must equal the total resistance 
proper of these branches • The problem reduces to determining 
the ratio betv/een the cross-sectional areas of the descending 
and ascending branches corresponding to the maximum power gene- 
rated in the recording instrument. 

As a unit of area measurement, let us use the total cross- 
sectional areas of the descending and ascending branches. The 
cross-sectional areas of the descending branch we designate by 
the desired quantity, x; then the value 1 - x is accounted for 
at the cross-section of the ascending branch. 

Since the height of both branches <5 and their temperature 
gradients are identical, the value of the flux flov/lng through 
the pair of branches is 

= (III.l) 


<?6 


from which we have 


M = 


CQ T3 




The electromotive force of an ele- 
ment under these conditions is 


e = (a, - a.) ^1. 


(Cl — g.) qfi 
A,.. T As — '-.X 


(III. 2) 


The intrinsic (internal) electrical 
resistance of the element is 




g o,-c,v-o / 

X — X- 


(III. 3) 


When there is matched loading, the 
circuit resistance is 2R , and the cur- 
rent flowing through the instrument is 

. _ <7 (a, — ;c(l— y) 

“ 2 '(Ajj:-rA,(l — x)llC.Ar + o,(l — 

(III.^) 


On analyzing Eq . (III.^) as to the 
maximum I with respect to x, v;e find 
that it occurs given the condition that 


Fig. 42 Element of ( , \ .i . _ — i — n 

disk-type banked ^ ’ (III. 5) 

transducer 


to which there correspond the roots 


I 



(111. 6) 

(111. 7) 


Both roots are symmetrical relative to the subscripts, 
that is. 
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(III. 8) 


where i = 1 or 2.- 

The dimensionless argument can only be positive, 

A:Qi 

therefore both roots of Eq . (III. 5) are real. 

V/hen the arguments are positive, the first root has two 
domains of existence: J<jti<oo and 0 >.\ti>— oo. In both domains 

the values of the roots are meaningless . 

So only the second root has a practical application (III. 7). 

The information about the thermal, electrical, and thermo- 
electrical properties of the materials used that is needed for 
subsequent calculations and manipulations is given in Table 2. 

If the values of the argument are small, it is 

ijQl 

best to use Eq . (III. 8); v;ith the same calculation errors, the 
calculation result turns out to be more exact. 

Belov; are presented the optim.al ratios of the cross- /90 

sectional areas for the most common thermoelectrode materials 
(the order of listing corresponds to the subscripts): 


Materials 

f /f 
2^ 1 

Silver- constant an 


Copper- const ant an 

0.0t)7 

Chromel-alume 1 

0.650 

Chromel-nickel 

0.870 

Ni chrome- const ant an 

0 . 660 

Iron-cons tantan 

0.230 

Nl eke 1-ni chrome 

0.100 

Platinumi-platinorhodlum 
(10 percent Rh) 

0.360 


In the ideal case of measurements based on the compensation 
arrangement, the effective resistance of the load increases with- 
out limit, and the current passing through the emf source must be 
zero. A transducer resistance matched with the load must also 
increase v.’ithout bound. Under these ideal conditions, the opti- 
mization task breaks down. 
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Table 2 


M.ircpil.i.nu 

(a) 

(b| 

V 
• X 

e ^ 

•S 

(of 

(<1). 

2 ^ 
o o 

CcpcupO 


7.5 

420 

1.7 

Ale.ib U) 


7,5 

3S0 

1,8 

3o.ioto 


7.8 

310 

2,5 

>f<t\7ejo 1 b J 


20, 

70 

12 

HjiKe.m 


1- 

87 

8 

Cypb.va (JJ 


49 

IS 

49 

Biicmvt y^i 


-73 

S 

130 

n.iaTima \ 


0 

70 

12 

repManiiuCm^ 


340 

CO 

0,9-105 

Kpe.Miiurt (n, 


— ii5 

SO 

1,0-105 

Te.i.iyp (o, 

(p) 

500 

1.5 

1,6-105 

KoHcVaiiTajj , 

—35 

25 

48 

Kone.ib \ Q 


-40 

23 

50 

XpoMe.ib 


28 

19 

76 

HaxpoM ( s 


11.5 

14 

103 

n.iaTHHopoaiifi Vt. 

6,5 

3S 

20.5 

(10% Rh) . 





A.IIOMC.Tj VU; I 

-13 

Cl 

32 


Key: 

a. Materials 

b. pV/deg 

c . Vl/m ’ deg 

d . ohms • m 

e. Silver 

f. Copper 

g. Gold 

h. Iron 

i. Nickel 

j . Antimony 

k. Bismuth 


l. Platinum 

m. Germanium 

n. Silicon 

o. Tellurium 

p. Constantan 

q. Copel 

r. Chrome 1 

s . Nichrome 

t. Platinorhodium 
(10 percent Rh) 

u. Alumel 


But in practice, the compensation system has a specific 
effective resistance, which depends on the insensitivity zone 
of the null galvanometer. So Eq. (III. 7) turns out to bo valid 
even for this method of measurement. 


3. Optimization of Design Parameters for Galvanic Sandwich-Typ 
Transducers 

The situation is somev/hat different with transducers made 
galvanically; the technology is described in section 5 of this 
chapter. 
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out features of the inanufacturinc technology grow 

out of the constancy of the cross-sectional area of the nein 

informe??n^"f^^“® optlir.al relations in these transducers 
r? SiSr thermoelectrical properties 

material Diffei^rh^ paired thermoelectrode 

vaniesTiir f’lfferential banked thermocouples, composed of mal- 

Se thermoelectrodri.1 fpalr Jith 

orthe ea?vS' ftudies 

ihin the?^is^rrir?irL^^Lr^j°^^T^^^ thr^f^rthat 

coal°S Ss°ex?e„llorgal“L“ca??; 

il 

originate in the bimetallic part of the 
of^thA f thermocouples v/hen there is a longitudinal component 

gradient. To understand the nature of these 

Wilqin ^"<3 to determine their qualitative efr-ect 

Wilson and Epps arranged the following IngenJ oSs experim^^t ’ 

ori a wooden cylinder: along its gene 

1 ^ rjhiseled Sit''rhAn^°r'^"n "" junctions, was laid 

thA^o^!^- ^ n ^ Channel. Because the ribbon was stretched 

surface In periphery were pressed against the cylinder 

he^lSc that the Junction location was near the 

K„— 4 ? 4. * ^hs one side the copper and constantan strios 

beginning from the junction, were insulated from each other over 
their entire extent. They were used as a cooper-Snstantln t^er 
mocoup^e to measure the temperature of the hot-junction region. 

On one side the copper strip reached only to the cold-iunc 
^®Sion. Here the strips could be commutated in the int^-rval 
between the regions of the hot and cold junctions l!? two wavs 

method, they were placed one on the oth<-r 'form- 
each other and simulating k bi- 
^^®™?electrode. Under the second, a thin capacitor 
electrical insulation with relatively good 
Interval between the regions 

flittl^shon?Arih insulation was made 

shorter than the copper strip; because of this, the tin 

of the copper strip gain made contact v;ith the constantan The^ 

SS'cr Jr'-’""'’ '<="=tanta„ SranchJs Saf 

Signal of the second thermocouple. 
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Numerous measurements showed that insulation in the entire 
interval between the hot and the cold Junctions did not affect 
the thermiO-emf of the composite thermoelectrode. From this 
follows the conclusion that the bimetallic thermoelectrode can 
be replaced v/ith an equivalent system of two conductors that 
have the same cross-section, length, resistivity, and thermo- /92 
electrical coefficients as in the base and galvanically depo- 
sited thermoelectrodes. 

In the equivalent system, the conductors simulating the 
bimetallic section must be connected only at their ends. This 
system can be easily calculated from Kirchhoff's laws and all 
the thermoelectrical characteristics can be found. 

If subscripts 1 and 2 stand for the characteristics of the 
base and the deposited material, the following equation can be 
written for the thermoelectrical coefficient of the bimetallic 
section /F4, 687: 


"bi=“- 


ai — g? 


QJi 

Qj. 


(III. 9) 


Later the properties of the galvanic thermocouples v;ere 
repeatedly the object of studies by a number of authors. The 
best investigation in the domestic literature that by S. A. 
Sukhov, S. Ya. Kadlets, and G. D. Pavlyuk /2l6/. Since' this 
problem v;as an urgent one, the author of the present monograph 
carried out a large series of measurements to verify the proper- 
ties of the bimetallic galvanic thermoelectrodes. These thermo- 
electrodes were obtained by galvanic copper-plating of the con- 
stantan and copel bases. The diameters of the bases were varied 
in the range 0. 1-1.0 mm, and the relative cross-sectional areas 
of the coating — from 0 to 0.5. The measurement results confirmed 
Eq . (III.9)j within the limits of possible accuracy. 

Similar to what was described in Section 2 of this chapter, 
let us look at a single element consisting of an ascending and 
a descending branch. One branch was the base conductor, and 
the other was the galvanically coated section. 

If heat flux Q was passed through each element, the temper- 
ature difference 

St 

(III. 10) 

was induced in the elements, where the subscripts 1, 2, and 3 
correspond to the base material of the conductor, galvanically 
coated material, and the intermediate insulating compound. 



reproducibility of TWp 
oniGKA,, IMGB is roof 


Referring to Eq. (III. 9 ), for the therino-enf generated by 
an element v;e can write the following equation: 



(III. 11 ) 


When the signal was measured in a compensation circuit, 
the current through tne transducer v/as zero, and the resisti- 
vity did noo affect the value of the generated signal. By 
inspecting Eq. (III.ll) for the maximum with respect to the 

ratio find the optimal cross-section of the 

coatingt 



(III. 12) 


In these same cases, v/hen the transducer operated v;ith a 
matched load, the optimal ratio of the cross-sectional area of 
the galvanic coating with respect to the base cross-spction 
must be selected with allowance for the effect of coating thick- 
ness on the intrinsic transducer resistivity. 

But the resistance of the branches of an elementary trans- 
ducer is 


2-}. '••'2 

SA (III. 13) 


When there is a matched load, the total resistance of a 
circuit must be twice the transducer resistance. Taking note of 
Eqs . (III. 11/ and (III. 13 ), let us define the transducer current: 

Q(cc, ~ aO 

-V2 rzi.il (iii.i'<) 

\ ^ ^ M ' 0./, / 


By analyzing the current value at the maximum with resoect 
“I* (II 1. 1^0, ’we find that in this case the optimal 
ratio of cross-sections is 



99 



REPRODUCmiUTY OP THE 
ORIGINAL PAGE IS POOR 


C; 




(III. 15 ) 


mentallv”^%hLi"^^''®^^ functions derived, exoeri- 

nSl e^-p JSr,— 

served to correspond to Eq. (III. 12). aiu^ys ob- 

a self-contained element from E,. (III. 11 ) S^^bfobrnneSf 


e = CO 




(o^ !'-^- ^'-SLl \ / I . ££l \ 

\ ’ '’lU ' ^iL _/ \ ' <?i/j / 


(III. 16) 


where C — — — ^ • d) •= ~~ ^■'’ 

^1 ' >1 


i-r.'iM Joking note of the fact that the number of elements in thp 
transducer equals the ratio of the area of the entfS SansdJcer 
ft to the element area 2f^ + f^ e f^, „,c n «6 the foIlSre.x! 

eJ!^(III. 16)':'^*’^ "brkinn coefficient of the transducer from 


A* = -L f 2 — \ f \ ' \ ^ 

‘•'l -V. ■vTjC^o— 


(III. 17 ) 


Since for most practical 
small compared with 2 and f^/f 

the effect of f^ on f ^ . 


cases^f^/fi is close to optimally 
ji in Eq . (Til. 17), v;e can neglect 


measurements were conducted on series-manufactured '-and 

f charaote“sUcsr« f 

1.2 10 ^ m, = 25 W/m'deg; A^ = 380 V/m-deg; A. = 0.3 W/m* 


deg; 


p, = 0.48*10”^ ohnrm; (>2 ~ 0.0l8*10”^ ohra'rn; “ ®2 ” ^3'10“^ 
V/deg; and = 0.8*10"^ m . 

For the series density of placen’ent of about 100 junction 
pairs per cm^ and v;ith a standardized transducer size of 17x17 
2 

mm for transducers v;ith the described characteristics, Eq . 

(III. 17) can be described in the following abridged form; 

13.-1. 10^ 1^2.7 -f 15,2-^ -f 0.08-^ j (III.lS) 


In the plot in Fig. *J3, the points reflect the measured 
values of the working transducer coefficients for different rela- 
tive galvanic coating thicknesses, and the curve was plotted ac- 
cording to Eq. (III.18). The experimental results agree quite 
satisfactorily with the theoretical results. The scatter of 
points is accounted for by the large number of factors affect- 
ing the individual stages of the technical process of transducer 
fabrication. When f 2/^*1 ^ 0.0'i, the variance of the measurements 

relative to the theoretical curve is O.OO 68 ; this corresponds to 
a mean-square-root error of 8 percent. Eq . (III. 15) vias not ex- 
perimentally verified, since it was derived on the same grounds 
as Eq . (III. 12), and its verification technique is much more in- 
volved. 

As v;e can see in Fig. ^)3, when the relative coating thick- /95 
ness is less than the optimal thickness, the transducer sensiti- 
vity falls off sharp] y, ’while at the same tlm.e ’when there is an 
incrjase after the optimal value, there is a gradual fall-off in 
sensitivity. Because of this and referring to the operating con- 
ditions to v;hich Eq . (III. 15) correspond, and also the possibi- 
lity of reducing the coating thickness ov/ing to corrosion, the 
v/orklng coating thickness must be selected as 50 percent higher 
than follows from Eq. (III. 12). In particular, for series-manu- 
factured sandv/lch-type transducers made of 100 ym diameter con- 
stantan wire, the copper-plating thickness was chosen as equal 
to 3-3-5 ym. Belo’w are given the optimal values of the cross- 
sectional areas of the galvanic coatings for different pairs of 
materials when the measurements v/ere made in the compensation 
schemes calculated according to Eq . (III. 12). The first is 
called the base material, the second — the paii-ed material of 
the galvanic coating. The correction for thermal conductivity 
of the filler was not taken into account: 
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MaTepi! 2 .iu (2.) 


ii 


jMaTepju.iu (a) 


KoM^TanTaihconoup.o (t> ) C.C05 

Koh^raMTaM veat* 0.070 

Kone/’b-cepcupo (d) O.CG! 

Kone.ib-Mc.ib (e) 0.006 

Konc.ibvtO.iOTo If) O.CSG 

Kone.ib-cypbMJ (g) 

A.i»0Me.ib’i:e.ic30 fhj 0.55 

Koncab‘;t:cacac (i) 0.40 


Key: 

a. Materials 

b . Constantan-silver 

c . Constantan-copper 

d. Copel-silver 

e. Copel-copper 

f. Copel-gold 

g. Copel-antimony 

h. Alumel-iron 

i. Copel-iron 


HiixpOM-jniKe.ib (j) 
XpoMe.iL-iinKcab Ik) 
XpOMC.Tb-DhCMVT (l) . . 

n.i3Ti!iiopoaiiiVn,*jaTJma(n) 
A.iJOMc.ib-cypb'M J n) 
Koac.Tb-Te.iayp (o) 
Kone.Tb*rep\i3»nH \p) 

XpOMC.lb-KpCMinUJ^G ) 


j . NichroTr.e-nickel 

k. Chromel-nickel 

l. Chrcmel-bisrauth 

m. Platinorhodium-platinum 

n. Aluminu.T.-antimony 

o. Copel-tellurium 

p. Copel-ger:nanium 

q. Chromel-silicon 


0.I5S 

0.21 

2.85 

0.79 

2.18 

>200 

> 30 

> 20 


(a) 



Fig. Dependence of coefficient of sandwich- 

type transducer on relative thickness of galvanic 
coating 

Key: a. vjatts/meter“ * volt 
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Theory of Similarity and Calculation Foi’mulas 

From the foregoing we can make a number of general conclu- 
sions determining the general principles of designing galvanic 
banked transducers such as was done, for example, for hydraulic 
jet machines. 

Transducers are considered as geometrically -similar trans- /96 
ducers v;hen their ratio of any dimension of one transducer (de- 
noted by the subscript m) to the corresponding dimension of the 
other (n) is a constant. The materials of which the transducers 
were made are also assumed to be Identical. 

Since the signal from each element, for a fixed value of 
the measured flux, is proportional to its height 6 (III.16), 
the emf generated by similar transducers are proportional to 
their linear dimensions: 



(III. 19) 


The resistance of an element is proportional to its height 
and inversely proportional to its cross-sectional area, that is, 
to the wire diameter squared. The total effect is that the elec- 
trical resistances are Inversely proportional to the geometrical 
dimensions: 


(III. 20) 


When the loads are matched, the currents in the measurement 
circuits must be directly proportional to both the emf and the 
conductivity of the transducers. As a result, from Eqs. (III. 19) 
and (III. 20) it follows that the transducer currents are directly 
proportional to the squares of the characteristic dimensions: 



(III .21) 


and the power generated — to their cubes: 



(III. 22) 
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The pov;er of the measured flux is directly proportional to 
the transducer area, and the transducer area is directly propor- 
tional to the linear dimensions. So the transducei’ efficiencies 
are directly proportional to transducer size: 



(III. 23) 


Eq. (III. 23) is found in accordance with the results from ana- 
lyzing the elementary Carnot cycle, since the temperature dif- 
ferences are also directly proportional to the linear dimensions. 

When the external transducer dimensions are unchanged, we 
can modify internal transducer dimensions vjith the preservation 
of the geometrical similarity in the cross-sections. The height /97 
of the- individual elements is assumed to be unchanged, as is 
the total transducer height. As an argument, let us take the 
number of elements making up the bank. The emf generated by 
the transducer and the total length of the elem.ents are directly 
proportional to the number of elements. The element cross-sec- 
tion and the current strength are inversely proportional to 
the number of elements, and the resistance is directly propor- 
tional to the square of the number of elements. The transducer 
povier and efficiency, v;ith the external transducer dimensions 
kept unchanged and v/ith variation in the internal dimensions 
while the geometrical similarity is preserved, remain unchanged. 

Here the power is directly proportional to the transducer volume 
and the transducer efficiency to transducer height. 

Further variations in the structural elements are possible 
by changes in external geometry (thickness and area) vjith the 
geometry of the internal sections unchanged. When there was 
variation in the total external dimensions , the emf and the 
power of the transducer arc directly, and the resistance 
—inversely proportional to transducer volume. The transducer 
current strength, for matched load, does not depend on these 
external transformations. The efficiency, as before, is directly 
proportional to the height 6 and ''oes not depend on the area. 

V/hen there is tight placement, a change in the form factor 
($ < 20) practically ceases to affect the fraction of the flux 
passing through the inter- turn insulation filling. So v;hen the 
external dimensions of the transducer and the supporting cross- 
section of the wire f^ are kept the same, the transducer emf 

depends only slightly on the form factor: the resistance is 
directly, and the pov/er, current, and efficiency are inversely 
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proportional to the number of elements. The dependence of the 
thermal resistance on the form factor is close to an inveit'se 
proportionality. Since the thermal resistance determines the 
extent of perturbation introduced by the measuring part, we 
must try to get the minimum value of the form factor attainable 
from technological conditions. 

general, when there is variation in the form factor, 
the meaningfulness of the similarity theory is lost to a large 
extent. Therefore it is best to compare the transducers v/ith 
the Identical form factor values. The quantity that is the 
reciprocal of the form factor uniquely determines technological 
ideality. 

Usually the designers know the conditions in v;hich the 
device built must operate. As applied to heat flux transducers, 
the conditions are characterized by a measured flux and by an 
Instrument used in measuring the electrical signal. These con- 
ditions determine the required values of the transducer workin" 
coefficient k^ and its electrical resistance . The problem 

is to determine all the structural elements of the transducer 
that would exhibit the necessary characteristics. 

The expression for the transducer coefficient (III. 17) can 
be rewritten in the following form; 

A t 

CO ’To’ (111.2^) 


z = the number of /98 

• *2 * '3 


k.. = 


/I = f 2 4- ^2- 4- ^ SdL\ . 

where ^ ' Vi j ( ‘vj’ 

elements in the transducer. 


Transducer electi’lcal resistance is an important character- 
istic, also necessary^for matching the measuring circuit elements 
Taking note of Eq. (III. 13), the resistance of the entire trans- 
ducer can be represented as the product of the resistance of 
one element by the number of elements in the transducer: 


whe re B = 


0./, 


R 

s U 


(III. 25) 
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Table 3 


HaKuciion::iine na 



C < JC< 


fbV<OHCTniiTaii.Me:ib 
( c ><OHCTanTaii.cepeC- 

( d^one.u-vejb 
V G^\one.ib*cepe6po 
( f )Xone.ib-«<e.ic3o 

)ifi^»^pOM*HnKe.ib 
vn ApoMe.ib-nnKe.ib 
fl.iaTHHopoanH- 
n.iaTHiia 

( j )\*i»0Me.ib-w:e.ie30 
(k)\.iWMe.ib-cypbMa 


4.S6 

4.94 

4,93 
4, €5 
5.30 
4.53 
4.58 
6,19 , 

5. SO 
5.93 


1,35 
1 ,35 

1.35 

1.36 

1.37 
1,33 
1,33 
1.43 

1.40 

1.41 


1.72 

1.72 

2.07 

2.07 
2.GI 
1.S9 
2.27 
0.17 

1,18 

2.21 


Key: 

a . Name of pair 

b. Constantan— copper 

c. Constantan-silver 

d. Copel-copper 

e. Copel-silver 

f. Copel-iron 

g- Nichrome-nickel 
h. Chrome 1-nickel 
1. Platinorhodiurn-platinum 

j . Alumel-iron 

k. Alumel-antlraony 


the coefficients A and B in Eqs (III a of' 

vious. It is important that A,,:. ^ (111.25) is ob- 

lav/s of similarity, but v;ith thp^ontf deviations from the 

the metal sections’kept thfsa^e (Ls JlTf 
A varies only slio-htlv and R (HI. 12) or (Hi. 15 ), 

a Change in ?he arguments wi^hlr^M there ’is 

practice, the ratio remalilJ meaningful in 

A3/3 remains small compared with 


}.,h 


2 + 




remaining members of these equations 
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(T^n pair* of thormoelectrode materials A B and r 

^h^va^l4fo? 

easily^!eprat^abou? 12 can be relatively 

prcduJtJS: Us“^I!;Se'=^aS'ie''iSeSrJf 6 !?!= transduce/ 

By cancelling z6 from Eos. (111.2^0 and Cttt ?c^^ ^ 

find the initially required wire dia^eterf we can 


./_±i££i_|4 

Uco,y^; 


(III. 26) 
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and then the product z6 

k. and resistance R is 
^ e 


necessary for tne required coefficients 



(III. 27) 


the transducer diameter D -ts 20 lin t--tnioe. 
greater than transducer height 6, that is, 20-i^0 times 


^ d V^zO 

T 3 =20 — -50 


(III. 28) 


wfcM into (III. 28). 

s = (5-7)r_3_lf 

\ SCO-p^kt j 


i- JL JL 

6 = ( 0 . 22 - 0 . 1 4 ) ■ 

J_ 2 

e t 


(III. 29) 


.4 Since A, B, and <5 vary in fairly narrov; enr* nn^T.-. 

ximate calculations Eqs . (111.26) - (111.28) cin irsimjn?iedl 


6 = 0.24 ^ 


1 / . 

V C%R • 

t e • 


3 /T — 
2=17!/ — ^ » 

D = 3.W]/J. ' 


(III. 30) 
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5. 


Technology of Sandwich-Type Transducer Manufacture 


special rolurshcSs ?n I si r.l\l '■'“» ® 

UsSfuy'’a“’ 20 ^^ unHound for 20 ldentl?Il°ftSps“'l'’r™wlde‘' 

sui?Li - 

ce.e„t and wound on an- approxlLteirSoo TSfLIirtgra^ool. 
for transducers that are*thiSer?" Oh“ound for wider strips 

sembles^thrmachiSs fo?^7indSg wi?ls°I!lth‘^flla^°'^f 

The strip is fed by rubber ronf filament Insulation, 

reduction gearing with a variable ??ansSsSSn"ranS?‘°'’ 

is about 5 m of strip L hour. ^ productivity 

dlate''^JoSucJ”?^'’f;n°S unwinding the Intarme- 

sriE=ull2^ 

(3-3.5) *103 pldl Of eL"SSrjunc%Sns?"’ -responds to 

is executed mainly°in^terrns of”the^elfc?^i stages 

wound wire. The Resistance vflies lRre^Je?-d'’in 

ducer rating plate. entered in trie trans- 

nltra?e''ta"rnSh°?o%3l"5l?l55?" IZ -^ted with cellulose 

f?r™rfSr:op%“r!o?^?LV“ 

into the Ealvanlc’ bath. “'copped L deoLf?L=f"P 
recommendations In electroplLlng h^SoL i?7 “ffi!!,? 


/lOO 
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1 percent^ethano*^ fo is best to add about 

ing density and stran^*^h this does much to improve coat- 

in accSrdaLrvH"r?Jf"^*n costing thickness is selected 
3 of this chapter) Section 

0.1 »m dlanS^'instSta^Sre" ‘“'='‘""== 3 - 3.5 dm for an /loi 



Pig. Hackle for forming and dryinr 
intermediate products for sandwich-type 
transducer 



Pig. ‘i 5 Teflon- type 
press mold for 
"pebbles" 


Deposits from 
acidic electrolytes 
toxicity . 


cyanide erectrolytes are better than from 
, but their use means greater production-line 


lose SSat°a YSMs'^a^f and the oellu- 

is coated with AK-20 varnish and^k^nt^-i spiral 

ature for 3-5 min tS kept in the air at room temper- 

sag fashion on a spe^Xl 

cabinet, and kept there 2 hr at SO-f^o^c^’ ^ 

neoulned transducer site. SJo^Ls'°o?“di?fere”S':?^Sgs°2rrim- 


13 a compact dandutc.^lt.^^rr^^tJ^Sl^rjIJIJje^^ipe^'l^Spe^KL^^!.. 

it the^prelimina?y‘5Lie of ^tho'^tran^d^ calibration stand; on /102 
is determined transducer working coefficient 

-as "Sles" for'^d^r'-Sen?'" """ intermediate product 

peoDies 101 uif.erent purposes applicable to local 
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conditions. Generally the "pebbles" are mounted in a stainless 
steel rinr; (?ig. ^6) v;ith an internal groove and are filled over 
with epoxy resin to which lampblack had been added for better 
absorptivity. This transducer is shown in finished form in 
Fig. ii7. 



Fig. i|6 Preliminary placemens of 
"pebble" in ring before epoxy 
resin filling 


Fig. ^7 General view of 
finished 1.5 mm thick 
transducer 


Transducers made as per the technology described, usin,^ 
grade ED-^ epoxy resin, can function at temperatures to 100° C. 

V/hen ED-6 resin_or PAED-13 furan-epoxy resin is used, the v/ork- 
ing temperature" of the transducer can be raised to 120 or 150° C, 
respectively. The rated upper temperature limits for these 
resins are 30-i)0° C higher. 

For functioning at temperatures to 300° C, after being 
insulated with AK-20 varnish the copper-constantan Interm.ediate 
products are filled over with enamel capable of enduring higher 
temperatures. During heat treatment of the enamel the varnish 
burns up. 

Enamels that have not been brought to the glaze condition 
are gas-permeable. So at temperatures higher than 300° C active 
oxidation of the copper coating commences, leading to a rapid 
change in the calibration characteristic of the transducer. 

At temperatures up to 700° C, chromel v/lre is recommended /103 
as the base, and nickel is recom;miended as the coating. In 
high-temperature cases, the transducer service life is shortened 
to tens of hours. Measurements v;ith sodium electrolyzers con- 
ducted at the Berezlno Titanium-Magnesium Combine showed that 
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transducers withstood up to 1000 measurements with no chance in 
characteristics and broke down mainly from mechanical damage. 


6. Theory of Slant-Layer Transducers 

The sensitive element of a slant-layer transducer is a 
plate consists of successively alternating layers of paired 
thermoelectrode materials (for example, copper v/ith constantan) . 
The layers are arranged obliquely at an angle of 20-^5° to the 
basal surface on v/hlch the transducer is placed (Fig. ^8). 

VJhen the measured heat flux 
penetrates the transducer, a 
temperature difference is in- 
duced between the upper and the 
lov/er transducer surfaces; the 
temperature difference excites 
a thermo-emf capable of accumu- 
lating along the transducer 
ribbons. Because of this, the 
transducer designed in this way 
is suita^e for measuring heat 
fluxes /26^7. 

In the horizontal direction (along the basal surface), 
individual transducer elements are connected in series; this 
leads to a summing of the signal. That is v;hy this transducer 
can be classed vjith the banked transducers. 

The qualitative and, to a sufficient extent, quantitative 
pattern of distribution of current lines and isotherms was ob- 
tairied on a model EGDA-9-61 electrical integrator /229, 2^J1, 
2ii2/. 

Fig. ^9 presents the distribution of equipotentials and 
current lines for copper-constantan transducers that have a 
ratio of constantan layer thickness to copper layer thickness 
of 16 and 8, respectively. The slope of the layer is chosen as 
^5°. Ti.e boundary conditions on the lov;er basal face are of 
the first kind, and on the upper face — of the second kind. This 
corresponds to use of the transducer as a radiative-energy re- 
ceiver (for example, in a pyror:;eter) with its mounting on a 
surface of a somlbounded body v.'ith high thermal conductivity . 

Paper being inhomogeneous, the equipotential lines on the 
were recorded v/ith irregularities not intrinsic to the solution 
of the Laplace equation for piecewise-linear domains — models of 
slant-layer transducers. The fields recorded on the electrical 
Integrator wore corrected by successive approximations using 


1 1 1 1 1 II I 

^<v////////////7^ 


I o ' 

Fig. fl8 Diagram of slant- 
layer transducer 


/lQi \ 
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Cauchy-Riemann conditions similar to what is done in hydro- 
mechanics when solutions are constructed for different cases 
of potential flows /I89/ . The model length is selected so that 

length does not alter the field pattern 

in the middle area. 



b 


Fig. ^9 Distribution of isotherms and 
current lines in a slant-layer transducer 
when 


='\or. 16 ( a ) 

*;.= p'^O.OT, ^ * 6=8 ^ ^ ^ 


In all cases the slant-layer design promotes the slooinm of 

direction of layer slope. This causes 
distortions in the end sections. With the adopted orientation 
of transducer layers in the left part of the field, clumDin<- 
results, and when the orientation is in the right part, thin- 
ning out of the current lines. ^ 


region of these end perturbations is ecual 
to the transducer thickness. As can be seen in Fig. itQ the' 
end perturbation no longer is detectable at a disLnce of two 
transducer thicknesses. Readily visible in this figure are the 
regions of rearrangement of the current linos at the 
lower faces. A uniformly incident flux 


concentrates 


upper and 
in the more 




conductive layers. In the less-thermally conductive layers, the 
current lines and the isotherns thin out with deeper penetration 
of the flux in the transducer body; corrcspondinc to this situ- 
ation is the positive curvature of the equipotentials . In the 
more-thormally conductive layers the reverse phenomenon is ob- 
served, but the scale of the model does not let us observe it. 

The domain of current line rearrangement is determined /105 
by the thickness of the less-conductive layer. At a depth 
that is greater than this thickness, the fielv. becomes uniform 
and the equipotentials within the sections v;ith Identical con- 
ductivity straighten out. At the inter- layer boundaries the 
equipotentials and the current lines undergo an inflection. 

The problem, of thermal 
conductivity in the slant- 
layer transducer is a parti- 
cular case of thermal conduc- 
tivity in anisotropic media; 
exemplifying these, besides 
the artificial sandv/ich-type 
compositions, are many crys- 
tals and natural layered 
formations (wood, sedimen- 
tary shales, and so on). 

Equipment for analytical 
investigation in this field 
v;as brought by G. Lame, G. 

Stokes, W. Roentgen, and T. Boussinescu /12^7 to such a state of 
advancement that it was Just about 'unchanged for nearly a century. 

The fundamental generalizing assumption of the thermal 
conductivity theory of anisotropic bodies is that each compo- 
nent of the heat flux vector at a point is a linear function of 
all components of the temperature gradient at this point, that 
is, 

, a/ , , <3/ , 1 _£L- 

= Tii; -'-ujIT + '-u dx, ' 

, ot . , a< jl.. 

- == ^'1 ~ ■" -=> a-v, * j ( III . 31) 

_ i JL~', iL e- > JL , 1 

— ‘fi — iji f 

where in the subscripts 1 stands for x or C; 2 — y or n; and 
3 — z or c. 



Fig. 50 Designation of dim.en- 
sions and axes in slant-layer 
transducer 
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The thermal conductivity values X are components ol’ a 

r s 

second-rank tensor. Important to further expos‘d tion is ? t'^an'’- 
Ip.tlon of the components of the thermal conductivity tensor* 
from one system of orthogonal coordinates to another. The 
direction cosines between the axes are designated in the matrix 
below: 


where = cos(x,C), 


21 


Axes 

X 

1 

1 !' 1 




a,„ 

«13 

JlJ 

1 

1 ( 
a.j j 

®23 

t| 




COS 

(>: 

, n 

), 


The primary formulas for translating the tensor compo- 
nents in converting from one coordinate system to another can 
be written as follows /1^2/: 


3 3 

(I II. 32) 

As applied to a slant-layer transducer, considerable sim- 
plifications can be Introduced into the system presented above. 

'^he transducer flux and temperature fields can be examined 
in a two-dimensional coordinate system (Fig. 50). Since both 
coordinate systems are orthogonal and lie in the same plane, the 
number of direction cosines can be reduced to two: cos a and 

cos . As the Initial system let us adopt the 

C-n system. For it all cross-coefficients of the thermal con- 
ductivity are equal to zero: /.;qs= =0 } only the principa] 

coordinates of thermal conductivity remain nonzero. 


Assuming the heat flux field to be continuous in the 
stationary mode, we can find the principal thermal conducti- 
vities : 

) _ ^‘1^1 
i 6, -r 6. 

(6, -f- A,) (III. 33) 


lli< 


or , on converting to the dimensionless values 
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and 
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X. = X k, and =» X.k ( III . 3^0 

ft i i n j n 

where 

*• *" I -t * 'I , , 

‘’"ST 


If the initial system chosen is one in v.'hJ ch the thermal 
conductivity coefficients along the coordinate axes are the 
principal coefficients, as occurs in the system 5-n, all the 
initial cross-thermal conductivities become equal to zero. 

In this case Eq . (III. 32) becomes simplified; 

+ (III. 35) 

from v;hence v:e get 

^'11 = Kx = ^'1 cos= a-\-k^ sin= a); ] 

= = [ (111.36) 

K = ^ =in 2 ~. {K - I 


The thermal diffusivity formulas are similar to the thermal /IC'^ 
conductivity formulas. Corresponding projections of the heat 


fluxes are determined according t 
to Eq. (111.36)“ 

A vector diagram, of the heat 
terns adopted is shov.'n in Fig. 51. 



Fig. 51 Vector diagram of 
fluxes 


Eq . (III. 31), v;ith reference 
fluxes in the coordinate sys- 



Fig. 52 Diagram of short- 
circuited heat loops 
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The flux skews within the transducer (tovmrd the layer slope) 
and because of this its density Increases. The flux component 
alonctho y-axis is equal to the flux received by the transducer. 


The temperature gradient vector, in contrast to the prin- 
cipal flux vector, coincides v/ith the y-axls. The temperature 
difi'erence between the ends of the metal strips forming the 
transducer leads to the origination of short-circuited current 
loops caused by the presence of a thermo-emf (Fig. 52). By 
their nature they resem.ble currents in bimetallic galvanic 
therm.ocouples described in Section 3 of this chapter. The 
value of the thermoelectrical coefficient of the bimetallic 
compositions along the layers is determined by Eq. (III. 9). 
V/hen the heat flux transversely enters into the slant-layer 
transducer the longitudinal accumulation of the thermo-emf 
takes place. To investigate the value of this thermo-emf. 

Me can examine longitudinal transitions in the form of step 
changes: initially perpendicular to the layers, and then along 
the layers . 

Let us select a material denoted by subscript 1 as the 
base material, that is, as the material used in making the 
pickups of signal from the slant-layer transducer ends. 

The value of the thermoelectrical coefficient vjhen there 
is transverse passage is determined from the relation 


(oi—Oi = (“»-“=) 


■*6 


(III. 37) 


which can easily bo derived if we cancel out the temperature 
drops at the base layers 6, not participating in generating 
the thermo-emf. 


If the perpendicular passage coincides with the positive 
projection of the temperature gradient, the subsequent passage 
parallel to the layers will occur opposite to the corresponding 
gradient projection. The inequality of the thermoelectrical /108 
coefficients in the perpendicular and longitudinal directions 
in the sandwich composition is the only formal cause of signal 
origination in the slant-layer transducer. 


For this care the difference between the temperatures of 
the upper and lower transducer faces is 

g-i (111.38) 
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FiC- 53 Dependence of optimal slope of 
transducer layers on transducer design 
parameters 


is 


The signal In the Interval equal to one pair of passages 


Va 


gt'a,— g,)^ / ’’f, 

A, sin- g - cos- a) \ 



(III. 39) 


To get the signal generated per unit transducer length, 
let us divide the right-hand side of Eq . (III. 39) by the length 
of the paired passage section equal to A . Then 

sin Cl cos Cl 

e «i - h ) I (Ill.iiO) 

t A, \*4"*o ; *ttsg etc a 


Characteristically, the signal generated per transducer 
length does not depend on transducer thickness. This ooens up 
the theoretically possibility of reducing, without limit, the 
transducer inertia by reducing transducer thickness, without 
lowering sensitivity /26d7. 

Prom Eq . (III. 40) it is clear that the sensitivity is at 
a maximum when the sum k tga + k_ctga is at a minimum; corres- 
ponding to this sum is ' 


tg 


= k / k- or 
opt n 4 


a 


opt 



(III. 41) 
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By analyzing Eq . (III.3I1) we see that and there- 
fore, Plotted in Fig. 53 are the values for | 

different kg and kx . As we can see in Fig. 53 j in agreement /109 j 

v/ith Gayling’s recommendations (a ^ = ‘n/k) are only the limit- 1 

opt i 

ing values when k^ = 0 , k^ = “; and k^ = 1 . The two first i 

values correspond to the monolithic bodies incapable of gene- 
rating any signal. V/hen = 1, the signal differs from zero 
only if kp jr 1. Since the Wiedemann-Franz lav; is obeyed appi’o- 
xlmately in all metals, v;hen = 1, kp cannot differ appre- 
ciably from unity. Therefore in the latter case the slant-layer 
transducer signal is near-zero. 



Fig. 5 fe Dependence of slant-layer ti'‘ansducer 
characteristics on design parameters: 

a. kj^^ = 20 c. k^= 5 e. k^^ = 0.2 

b. k^ = 10 d. k^ = 1 f. k;^^ = 0.1 


For all real cases, the optimal values of the angle 
< it/^ reach O.fe ( 23 °) even in the case of materials that 

op o 

are contrasting in thermal conductivity and electroconductivity 
and that are promising for slant-layer transducer fabrication. 
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By substituting Eq. (III.31) into (IIlJlO), v;e find- 


4. = qF (/;«. A-p. k}) 


•Jj., 




v;here 


^ (^6* ^0’ ~ 


(*4 T *pl 1*4 - *,<.) 




^ *4 *>. 1 

> + * 4 ^'>. ' '■}. 


( 111 .^ 3 ) 


Shown in Pig. 5 ^ sre the plots of the dependences of the 
function F(Ki,hp.f<>.) all its arguments. Prom these plots 

we can evaluate the effect of the individual design factors and 
find the optimal relations . 

The tabulation regions of the functions P(k-, kp, kx) /llO 

were selected with reference to the departures from the Wiede- 
mann-Prans law that are possible for metals. 

Summing up, v/e can state the follov/lng: the specific signal 
of a Gayling transducer does not depend on its thickness; the 
signal in transducers with thermal conductivity ratios equal to 
the electrical resistance ratios does not accumulate lengthwise 
— the transducer shuts off; the maximum signal values are 
characteristic of contrasting pairs of materials that have high 
values of relative thermal and electroconductivity; optimal 
ratios exist foj? all structural characteristics of slant-layer 
transducers . 
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CHAPTER i| 
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ABSOLUTE CALIBRATION HEASUREKEMTS OF RADIATIVE FLUXES 
AT LOW AND MODERATE TEMPERATURES (+200° C) 


Calibrating an instrument, all things considered, amounts 
to measuring a standardized parameter. Of the three classifl- 
catory kinds of heat transfer — convection, conduction, and radi- 
ation— the last-named kind lends Itself to the most exact stan- 
dardization. 

Calibrating transducers by the radiative method means, on 
the one hand, providing a scandardized stable radiative flux, 
and on the other — providing metrological information about this 
flux. 

Moderate-density radiators were developed with standard 
incandescent bulbs and infrared lamps, and for high-density 
fluxes— blackbody mirror models with graphite or silicon car- 
bide heaters. 

The designs worked out for absolute radiometers were based 
on Angstrom actinomoters, inertial radiometers, and instruments 
v;ith successive-replacement compensation. They are all adapted 
to transducer calibration conditions when the measured flu/, den- 
sities differ. 

A method of calibrating series— manufactured transducers by 
the radiation method is presented at the end of this chapter. 


1. Radiators of Lov;-Intensl ty Fluxes 

The present-day theory of radiative heat transfer has in 
its arsenal means of calculating the flux that is Incident on 
the instrument under calibration in specific geometrical and 
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temperature conditions, for known blackness values. Hie system 
of loGical assumptions formally is found to be closed, but some 
of its elements are not fully validated. Many authors, lack- 
ing better opportunities, have resorted to this method. 


Not trusting geometrical calculations, Kheydzher used 
absolute blackbody models in the form of hollov; isothermal 
cones placed near the receiving surfaces of the radiometers 
undergoing calibration /232, 223 . 7 . Even in this case there 
was no certainty that calibration was correct. So it is best /112 
to simultaneously measure the fluxes with absolute and cali- 
brated instruments placed in identical conditions as to geo- 
metry and blackness value. The blackness value is easier to 
make identical for two objects than it is to determine its 
absolute value. No longer is monitoring spectral composition . 
then necessary. 



FiC* 55 Characteristic of 
quartz radiator with tv;o 
NIK-220-1000 lamps 

Key: 

a. kilovfatts „ 

b. watts/meter‘^ 


the glass and contaminants. 


The author of this mono- 
graph used general-purpose 
Incandescent lamps (GOST 2239-60) 
as low-flux radiators, and for 
fluxes to 10 kW/m^ — industrial 
lamps, type ZS, for infrared 
drying. 

A heavy disadvantage of 
tungsten filament lamps is that 
in the region where the spiral 
image forms the incident flux 
changes abruptly. One or several 
matte glass units are placed on 
the path of the incident flux 
in order to equalize the density 
in the illumination fixture. 
Maulard /285/ used this proce- 
dure in heat-measurement calibra- 
tion. This procedure is insepa- 
rably associated with large energy 
losses owing to absorption in 


For a pure lov/-absorption matte surface, the bulb envelope 
was coated with a thin layer of fine halite crystals (NaCl) . 

The coating technology is relatively simple: a concentrated 
solution of chemically pure salt in distilled water was applied 
by sprayer on the surface of the bulb envelope functioning" in 
the mode of approximately i)0 percent load. 
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ri ^ reoUluS showed that the nonuniformity of the inci- 
deni flux is not worse than 1 percent, and the flux densitv 

50 "■‘fn in diameter 

TheL^samf^rif"'^® incandescent filament is 200 mm. 

la?slr oStlfvfo? ^ much 

ger outlays of materials, energy, and time /50, 5l7. 

NIK-po-1000 lamps regularly produced commerclallv are 
convenient to use in building up fluxes to 60 kVZ/ra^ Thev 

incandescent iamp can 

powe? (?o%'-i;/) cin'bl overloading with doubled 

Dlacerw?f??n''! oriented flux two NIK-220-- 1000 lamps were 
of thL init copper reflector. The characteristic 

rnr. respect to flux is presented in Pig. 55 

SL! ™ the plane of the lamp bulb /I13 


Fluxes to 200 kW/m^ can be obtained vjhen NIK-220-1000 

^^Shtly laid out in a continuous panel in the 
short-term forcing mode. m cne 

Although the intrinsic inertia of electrical lamos v;ith 

da^?r?h"H measured in the seconds, the abSve- ^ 

described units, owxng to heating of the reflectors and 

?he steady-stat 7 modo ?n 


2. High-Intensity Flux Radiators 

if standard, series-manufactured equioment fnr> 
generating fluxes with densities greater than 200 kV//m^. 

In 1961 a radiator of fluxes with densities to '^00 
was developed in I96I in the Laboratory for He?Lds of 
Measurements (LMTI); this radiator is designed for caliS^a! 
Aq/'^ calorimeters and thermometric devices /32 58 

69/. It differs by its low inertia and high stabilitv ’ ^ ’ 
Graphite was selected as the radiator material Graphit^^ 

800°"? ADDUed'^a^^"'?'' oxidizing medium e^J^at 

• Applied as protection vras a Si’S-Ohite coati nr* wi-f-n 
an approximately 1 mm thick silicon cfrbide lay?? fo do 
this, products were lowered into a slip of a mixture of 
carborundum silicon, and glycerine and, after drylnr they 

U.raJ„L"n^Slp 
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Carbon and silicon from silicon carbide, in an oxidizing 
atmosphere, burn up, liberating carbon dioxide gas and v/ith 
the formation on the surface of a stable protective film in 
the form of some silica modification. 

The radiator v;as made in the form of a hemisphe. _cal 
.dish with a diameter tv/ice the diameter of the furncvoe port 
hole. The furnace longitudinal cross-stction (modification 
I) is shown in Fig. 56. 

Electric energy is fed the heater from a welding trans- 
former through brass viater-cooled connections. The resistance 
of the element in finished form is approximately 0.1 ohm. 

V/hen the thermal insulation lowering the temperature 
from 1600-2000'^ C to 20-30° C was selected, comparative cal- 
culations were made of the design variants. The cold re- 
flecting insulation was found to be best. Copper walls sur- 
rounding the heat were internally polished and gilded, and 
externally chrome-plated. Channels for the inflov; of cooling 
water were provided in the body of the v/alls. As to design, 
the insulation was molded in the form of a hemisphere cover- 
ing the front wall with the port hole. 

For determining the optimal gap between the reflector 
and the heater, variant calculations v/ere made of heat trans- 
fer through the spherical gas interlayer owing to radiation 
and thermal conductivity. 

Provlded~in the cooling system was an interlocking ar- 
rangement, including an emergency signal and a furnace dis- 
connection v/hen there is an Imperraissible lowering in the pres 
sure of the cooling v/ater. 

The radiator instability depended only on fluctuations 
in the line voltage. Conditioning of the heating elements 
was not long — after 200 h operation the resistance went up 
by 8 percent. V/hen the port hole was 50 mm in diameter, the 
radiator efficiency was approximately 25 percent. As the 
port hole diameter was increased to 100 mm, the efficiency 
v/as lowered to 60 percent, but the density of the radiated 
flux was somewhat reduced and nonuniformity of the flux field 
at the edges showed up. The results of measuring the flux 
field for a furnace with a 50 mm diameter port hole are shown 
in Fig. 57. 

One drawback of the silicized heaters is that they rap- 
idly break down, operating at temperatures under 1/I00° C. 
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Pig. 56 
furnace 


Lov;-inertia 
(variant I): 


3. 

5. 

6 . 


of cooling 
plate 


1, 7 . inflow 
water 

2. installation 
port hole 
heating element 
cooling channels 
current-conducting 


The protective ability of the 
coating film is just as distinctive 
as many other properties of silica. 

P. Bridgman and his students studied 
the properties of silica at pressures 
from 1.8*10^0 N/m^ and temperatures 
to 2000*^ C. But much information 
about the properties of silica under 
ordinary conditions is contradictory. 

In nature i.lllca is encountered 
usually as quartz — a transparent or 
colored crystalline mineral in the 
trigonal system with a density of 
2.655 g/cm^. V/hen the temperature 
Increases, its physical properties 
undergo changes, of which the most 
substantial is the transition from 
the cc-state to the 8-state at 
572 + 5 ® C, with a 2 percent drop in 
density . 

Subsequently, at 867°, quartz 
passes over into 8-trldymite in 
the rhombic system, with a 15 per- 
cent decrease in density; at 1^70° C 
there is a transition to 8-cristo- 
balllte, with a 3 percent gain in 
density. 


The transitions quartz-to-tridy- 
mite, tridymlte-to-crlstoballlte, and 
all reversible forms of transitions 
are slowly executed. Factors affec- 
ting their rates are not known. All 
three main crystalline forms exist 
at low temperatures and are observed at temperatures exceeding 
the corresponding critical transition values. 


buses 


The melting points of each of the forms are individual: 
according to some sources quartz dees not melt A2/, but other 
authorities say that with rapid heating its melting point is 
155C° C / 1 /; tridymite melts at 1670+10® C, and cristoballite 
—at 1710+10® C. 


No references are in the literature concerning the preser' 
vation in the liquid of information telling about from what 
crystalline form the liquid is obtained, and without this infor^ 
mation we cannot understand the features of the existence of 
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liquid silica in the 1550-1710° C range. So the crystalline 
forms of silicon dioxide are an interesting object for inves- 
tigating thermophysical properties in this temperature range. 






Fig. 57 Field of fluxes in variant I fui'nace 


Applied in the equipment is am.orphous silica — quartz glass 
or fused quartz, exhibiting nearly- the same small coefficient 
of thermal expansion (0.^12 -lO"® deg"-*-) and melting at 1620° C. 

Molten silica bolls only at 2590° C, but even after 
1600° C the vaporization rate increases markedly with increase 
in temperature. 

Even from the solid state at 1600° C, sublimation occurs 
so rapidly that the heating element can withstand only 3-5 h. 
Heaters operated in the li)00-1559° C range for more 300 h each, 
and the number of switchings exceeded 100. 

Audible crazing of the graphite coating can be heard /116 
during cooling after disconnection (in the 900-800° C range). 

Even when there are subsequent reconnections, the heater tem- 
perature exceeds 1^J00° C, evidently there is "healing" of the 
cracks in the solid state and the heater can function for long 
periods. The heater crack can be explained by the partial or 
full conversion of tridymite to quartz, accompanied by a large 
change in density. 
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Fig. 58 Lov;-inertia 
furnace (variant II): 

1. quartz v;indov. 

2. sleeve for gas cooling 
of windov; 

3. heater 
front v/all 

5 . cooling connection 

6. spherical reflector 
clamp-current conductor 
cover 

installation plate 


7. 

8 . 

9. 


The reflecting insulation v;as 
packed ir. a furnace constructed 
under variant II, and the port 
hole was covered with quartz 
glass (Pig. 58 ) . The internal 
furnace volume v/as filled v/ith 
argon. V/hen this vms done there 
was no need for special process- 
ing of the heaters and the heater 
temperature could be substantially 
raised. 

This kind of furnace v/as de- 
signed for fluxc-s greater than 
1000 kVJ/m‘^, but it vms not 
brought to the design power 
rating because the packing burned 
up in the quartz v/indov/. The 
power rating of the resulting 
fluxes exceeded 500 kV//m^. 

To grow mono crystals of 
refractory oxides and to heat- 
treat them, a radiative fur- 
nace with thermally transparent 

cooled partitions vms bulltj 

molten corundum (2050° C) 772/ 
was melted in an oxygen atmo- 
sphere. From calculations con- 
firmed by experiments with a 
small model, it follows that 
in the case when the dimensions 
of these furnaces were Increased, 
the temperature at v/hich objects 
were heated in corrosive media 
(O 5 , HCl, and KF) can be brought 
to^2600° C. 


In developing heavy-duty 
radiators, the designers often 
start from the false assumption 
that v;ith a reflector a beam of rays can be formed whose flux 
density depends only slightly on the distance between the 
radiating system and the receiving body. So an erroneous view 
took form, to the effect that the density of the incident flux 
can be increased by moving away the radiators with the reflec- 
tors and Increasing their number. The erroneousness of this 
approach could be easily deduced from the Manzhen-Chlkolev 
formula: the density of a flux incident at the optical image 
of a source is inversely proportional to the square of its dis- 7117 
tance from the lens or mirror. 
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The surface of the tuntrsten spiral radiates a flux v;ith a 
density of about 2*10° VZ/m^; the laws of geometrical optics 
provide the opportunity of acquiring up to 3d percent of this 
flux in the image. Evidently in practice a little raor’e than 
10 percent of the source flux density, to which 200 kV//m^ cor- 
responds, can be obtained in the image. 

Black plasma in xenon lamps developed by the Moscow Plant 
of Electrovacuurn Instruments has a temperature of as high as 
6000° K. As to spectral composition, the ri-iiatlon of these 
lamps is close to solar composition. The density of radiation 
from the surface of the plasma in these lamps can extend to 
80’10^ W/m^; this makes possible a flux density of up to 
10.10° M/rrr in optical systems v;ith high luminosity. 

Interestingly, flux density was as high as 50 '10^ V//m^ 
^087 in an instrument built in 17^7 by Buffon; in it, solar 
reflected light spots from 168 m j rroi-s each 150x200 mm^ in 
size were directed at a target 1^7 m away. 

So using standard incandescent radiators, in commercial 
series-manufacture, uniform stable fluxes can be obtained v;hose 
density is smoothly regulated in the range from 0 to 200 k'.7/m^. 
Flux densities to 500-1000 kV//m^ can be obtained in specially 
developed incandescent units. The densities of the incident 
fluxes in the compact plasma images, in the natural state (the 
Sun) or the artificially obtained state can be increased by one 
order of magnitude. 


3, Compensation Type Radiometers 

In radiometer development the concept of building Angstrom 
compensation type radiometers v;as utilized (see Section 9, Chap- 
ter 1). The first radiometer design (1957) was calculated for 
measuring fluxes to 20 kVJ/m'^ /51/* Measuring plates, made of 
^0x10x0.05 mm° manganin strips, were mounted on copper forks; 
through their teeth direct current v;as supplied from a storage 
battery. The pov/er v/as regulated v/ith a double rheostat. 

Together with the forks, the plates v/ere secured in a 
massive copper block so that their facing blackened surfaces 
projected from the port holes, facing in opposite directions. 

In this way, when one of the plates was heated with the radia- 
tion flux being measured, the second was in shadow. The plates 
and the block were cooled through free convection. 

p 

To measure fluxes v/ith a power rating to 300 k'7/m', in 
1961 a radiometer desig.n was developed that was based on forced 
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57, 717 (FIs. 59). Hlohrcme /Il8 

plates 1 are the sensitive elements of the head of the comp^n- 

sation radiometer; the plate edges are secured in current- 

plates a^^adJatlvo 

fLes is removed frcm the internal plate sur- 

laces by forced convection of air. The air is fed bv a enm 

abouriO^"?%^^"' channel formed by the buses, with a head of 

?lof ra?e ^ theoretical 

iJ °e <il"ppentlal thennocouple 3 Irl a^aJhld 

a" t^ conditions arrStored 

as to identical values by the thermocouple. moniporea 

In FIg “lo'^^Bu^ef PPdlometer Is shown 

- -nd^cha^„%l 

hfipp^r ■£"? ?r Ir 

radlatlM heading from ibSrbed 

s^Sl^of? by e?eo^?o- 

coated with lampblaelt. In"Jhri"owe?V1?t°of‘JL'=JtJ!Le“tlr 
SS steel\°S?hrnrrr =)’lI"<ibloal eboSte 

JCou^?h''‘'"^‘'’®"/°'■“ =yctLihafean’brro?Sed 

three positions differing by a auart'^r-turn 

rotatlon^^bo'Sf 

instrS:„n‘‘‘srL^i^raJ! ^hi 

varlMt oZZlZtZ'r CP'7 
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Fig. 59 Head of compensa- 
tion radiometer: 

1. v;orking pfiate 

2. bus 

3. tiiermocouple junction 


Fig. 60 Longitudinal cross- 
section of compensation radio 
meter: 

1. working p]ate 

2. buses 

3. internal bushing 
handle 

5. insulating bushing 

6. set screv; 

7. external bushing 

8. detent 

9 . support 

10. pov;er supply conductor 

11. centering disk 


In painstaking fabrication, nonidentity in energy supply 
conditions can be the only source of error in the method. 

The v/orking plate is heated v;ith radiative flux through 
the lampblack coatinr:, and the compensation plate — by electric 
current throughout its volume. Heat is removed, mostly, from 
the internal swept side. And the heat flux of the v/orking 
plate overcomes the thermal resistance of the lampblack coating. 


the plates proper, and the >'=f ' 

But the flux of the '°“''P"’^“5‘°5l^the resistance to heat trans- 
half the plate resistance and all the res.otan 

fer . 

.* to Pc niadc sufficlcntly 

ldentIral?thf?h^rSf resistance of the 1^ 
and the plates proper must be small coripai c 
to heat transfer. 

With maximum flow sweeping iJe Sas^78o'^W/m2 -deg. 

transfer coefficient on the P^^^^^i^erpar? of the heat 

IfrfmrverbrtSrrLf coXtivity into’the supporting buses. 

.....r:.s.=ssr:.sv£s‘£: 

from unity: , ^ . 

-7 •^+ 1 • \ (IV. 1) 

/5T.p = blackened plate? -^T “5 \ ='“^ 

TT + e, 


The coating blackness no longer changes when > 


8 pm. 


If 6 


< 4 pm. 


the coating proves to be heat-transparent /l^Q. 

« _ J 


to so„e ax?;St.-and the amount af radiative --jy 

^coftrnB‘xB^"’r/n SS P- rSJoSr^late 1,! = 

- 0 2 r.m and X » 20 ■.■I/m-dec,. The coefficient of nonldently 
L in Eq. (IV. 1) is 1 percent. 

In actinometric Angstrom compensation ins^^^ 

transfer occurs by free convection and ito tnermc-i 
is two orders of ma^^nitude larccr. 

Deviations lead to violated oyc^etry are lof b^PbOle in 

fl™en(frf'Se°LSuionr“re\eft" the effect 

Of the errors tolerated on measurements lo small. 

rioniri.^ntlcalness of the embedding of the 
The possible balance in measure- 

vjoiking plate ends can ^^/fp^^elected so that the effect 

meats . The plate dimensions must be belocted so t 

f Thf ;?f«°?s‘ru:;J,foirirSa^?d^-f With heat removed 
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from the surface by convection and in the nountinr area- hv 

conductlv Ty equJtior 

for this case has the followinfi: form: 




(IV. 2) 


and X I"! “ 

respectively, as follows: P-^ace, \vn.n x - £/2 v/i]l be. 


/ = 0 


^ = 0 
dx 


(IV. 3) 


the ronawine dlLna^Joss S„’= 


Where 


^_A-(a-l) = 0. 

a . X . ui “•>'■ 

''• ■■ I ' ^ ~ t.d 


and the boundary conditions are as follows: 

when K = 0 and k = l, 3=0 

/ 

when K =1/2, da/dc = 0 


(IV. ij) 
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(IV. 5) 


has caneral solution to Eq. (IV.K) 


1-0 = 




1 + f* 


i+r 


(IV. 6) 




0^, = 1 - sch 4- 


(IV. 7) 
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hh«n c?? err.beddinss of the plates not to r.ore 

be L?f-o^tnour^ temperature in the plate middle, k must 

eLmS ^his can be seen from Eq. (IV. 7). if, for 

mple, 1 - = 0.C3, the strongest perturbation on one end 
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desfsrdSi^aJ^ni' ^f^ihr detePmlnin. the 

from JflSaf th°erefi?rtS\Jp 

must be much smaller than this figure (3 pScent). 

Th6 nonidonticalness of tho mounting of thp di 

rf"™r°or‘’'?hf?h= ™ the working platea'’fan° aie^ b?"“=s Sr e"' 

^ The thermocouples are fabricated of chrom<-l and 

i^rclireakrslll ■ “"-lt''«'^he"j“ScUon" ?o=atll^f 

of thAm and the thermoelectrodes are drawn out so that one 

A -resulting strip is lined with 10 urn mica wafers? enr 

1 ° surface of the radiometer working plate 

i‘ 

oooiiSI ?L°! t“tsequent passage In heat transfer to the 

must bra?rfngld''Sonra"l°so^l;ermS thermoelectrodes they 
flMted ““\theless."slncf ?^^"SSsverli pfete‘almensl°o^ S" 

feet will not outreach the allowable limits. 

V/hen the thermal conductivity equation is set im rnr. o 

tr?caTinsula?^^ inf L"w^of 

ximate evaluation, the problem must be viS-ed a^a on"-Sm^r”'’°" 
oional problem and the temperatures of the cooling air t and 

hf plate at which the thermoelectrode is cemented t ^must 

--hor:fl-o^SSc1?"l% s So" ?s^?mSK-?5odTor?:i£.l^ 
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In this case the dimensionless equation of thermal conduc- 
tivity for the thermoelectrode becomes 



— k. 


Here {> = • 7 - is the Instantaneous temperature of the 

thermoelectrode in the cross-section with coordinate k , related 
to the plate temperature t^ = const; all temperatures are read 

off from the cooling air temperature, that is, t 2 = 0 , k = ; 


where is the conditional coefficient of heat transfer from 
plate to thermoelectrode; 02 is the coefficient of heat transfer 
from electrode to cooling air; and Z is plate v/ldth. 


This equation is identical to the earlier-solved Eqs . 

(II. 11) and (IV. ^0. With the right-hand side kept constant, it 
corresponds to the case presented in section 2 of Chapter 2. As 
Fig. 33 makes clear, when k^ > 7, the edge perturbations prac- 
tically speaking do not yet reach the plate middle (k = 1 / 2 ; 
k^ic = 3.5). 

p 

The measured heat transfer coefficient a is 780 W/m .deg on 
the radiometer .plate . Corresponding to this value, given the 
condition of suppression of perturbations, is the thermoelec- 
trode thickness 6 < 0.07 mm. 


V/hen the instruments are assembled, attention must be given 
to the ic.cnticalness of the measuring arms; this identicalness 
is monitored in experiments v/ith simiultaneous electrical heat- 
ing of both plates . Here the error of the measurements must be 
of the sa:;e order as in the Angstrom pyrheliometers , that is, 
must not '.xceed 1 percent of the measured value. 

The slackened surface of the receiving plate does not re- 
ceive all the energy of the incident flux. The blackness of the 
coating determ.ined v/ith an error of 1-2 percent is 0 . 93 - 0 . 95 , 
v/hlch must ce taken into account in absolute measurements. 3ut 
in relative measurements, v.'hen the receiving plates of the radio- 
meter and the calibrated transducers are coated with identical 
blackness, the latter situation is not significant. 


The radiometer is powered from line current through a 
stabilizer, a system of '’egulating autotran" formers , and a sele- 
nium rectifier in the s^ /.-phase rectification scheme. 
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Fig. 6l General viev/ 
of radlome‘;er 


Fig. 62 Head of radiometer 
with small yokes for monitoring 
voltage drop 


The strength of the current flowing through the plates is 
measured with calibrated shunts. Somev/hat more complex is the 
situation in _determining the specific voltage drop, dependent 
in the case of nichrome also on temperature. In the more heated 
central part of the plate the density of release of electric 
pov;er is greater than along the edges. So the voltage drop is 
measured along a short section in the middle, nearly Isothermal 
part of the plate using special small yokes with a base of about 
^ mm. The distance between the needles is determined to within 
0.01 mm with a microscope vjith a micrometer stage. 

The external appearance of t.be radiometer described, in- 
stalled on a coordinate spacer around a radiation furnace, is 
shov/n in Fig. 6 I. The head of a radiometer with small yokes 
installed on it for monitoring the voltage drop is shown in 
Fig. 62, 

Finally, after installation the identicalness of the 
radiometer plates is verified in the self-calibration mode, 
when both plates are heated only by electric current. Self- 
calibration calls for independent systems of power supply 
and measurement for each plate. Assumini; careful execution, 
the deviation between the flux densities at the plates in 



In the self-calibration mode does not exceed 1 percent in the 
balanced state. Interestingly enough, the pov;er difference / 12 ^ 
betv;een plates v;ith increasing povfer changes sign several 
times . 

One face of the radiometer head has a recess for a case 
housing the transducer under calibration. 


Inertial Radiometers 

In inertial radiometers, a massive copper cylinder one of 
whose faces is subjected to irradiation is the main element for 
measuring high-density fluxes /5^7. All the remaining surfaces 
are thermally Insulated (Figs. 63 and 6^). Six 0.15 mm diameter 
chrome 1-alumel thermocouples- are embedded into a block for deter- 
miningj the temperature trend. One junction is at a depth equal 
to 1/3'^ of the cylinder height. With constant density of the 
received flux, the temperature trend at this point coincides 
w^th the temperature that is mean-integrated over the block 
/150^7. The block temperature trend is recorded vjith an elec- 
tronic recording potentiometer. 

The lateral surface and the rear block face are carefully 
DOllshed and chrome-plated. V/hen possible, they must be gilded. 
The gilding cost is modest, and the quality of insulation and 
stability of the insulation properties in this instance sho;-; 
marked improvement. 

Around the blooi'. is fitted an aluminum "jigger" with a 
1 mm gap. The dlacncter of the receiving area of the block Is 
chosen as equal to the diameter of the radiator pox-’t . Because 
of this, the lateral surfaces of the "jigger" are blocked 
against radiation. The internal and external surfaces of the 
"jigger" are polished. The "jigger" is mounted in the center 
of a supporting ring v;lth six 0.2 mm diameter steel cords. 

The copper block rests on sharp needles mounted in the bottom 
of the "jigger" and stretched on three cords. The electrodes 
of the thermocouples extend through a drilled opening in the 
stem of the "jigger." 

The mass of the block M is determined by v;eighing it before 
installation, and the heat capacity c — from tables /6^, 11, !£/. 

Heat losses after the Curve of the block temperature trend 
during the exposure has been recorded are determined by recor- 
ding the temperature trend during cooling t , v;ith all the other 
conditions kept the same as they were durin§° the exposure 
period. The flux is determined by the formula 
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.'fc I <iteY. ^^co'\ 
^ ~ ~J~ l'"5r dt j 


(IV. 8) 


in which the values of the derivatives are taken at identical 
temperatures t^^^ = t^^ by the graphical differentiation of 

the recorder traces or v;ith special equipment /2357. / 125 

For a comparison of the inertial radiometer with the com- 
pensation radiometer, it was placed on the coordinate spacer 
of the latter in such a viay that by a simple rotation the 
radiometers can be made to change places Ir: 1 s. The receiv- 
ing surfaces of both instruments v;ere simultaneously coated 
v/lth lampblack of the identical composition. The discrepancy 
did not exceed 2 percent in measurem.ents at high flux values. 

For fluxes weaker than 20 kV//m^, the discrepancy reached 5 per- 
cent and v/as caused mainly by the error in the Inertial instru- 
ment: differentiation of the experimental data alv/ays leads to 
a considerable increase in error. 



Fig. 63 Inertial radiometer: 

1. block 

2. protective "Jigger" 

3. cords 
needles 

5. thermocouples 

6. supporting ring 


reproducibility of the 



' Fig. 64 General view of 
Inertial radiometei’ 


Fluxes to 300 kW/m^ v;ere measured with the inertial radio- 
meter; there was the full option of measuring the fluxes whose 
pov;er ratings exceeded the values named. A number of altera- 
tions is needed to measure fluxes stronger than 600 kV//m^. 

A similar radiometer with a relative small mass of the 
receiving body /H^/ v/as developed for measuring fluxes to 
2 kV//m^. 


5. Absolute Compensation Radiometers v/ith Energy Substitution 7126 

Lov; sensitivity of the differential thermocouple is a short- 
coming of radiometers built as per the Angstrom arrangement. 

P. Ye. Voloshin 73 ?87 increased the number of junctions to four, 
slightly raising thermocouple sensitivity. 

A cardinal improvement v/as 
achieved by using as the sensi- 
tive elements sandwich-type heat 
flux transducers in v;hlch the 
number of junction pairs is 
greater, by three orders, than 
the values given above . A dia- 
gram of this instrument is 
shovm in Fig. 65 77V. 

The radiation receiver was 
made of material with high ther- 
mal conductivity (copper) and 
was mounted on the cooled hous- 
ing so that the energy absorbed 
inevitably passed through the 
transducer. 

Thermal resistance to removal of absorbed heat at the trans- 
ducer vias tv/o orders of magnitude higher than for the receiving 
body. So it v;as a matter of practical indifference in what part 
of the receiving body the measured energy was directed — a fact 
permitting mutual substitution of the absorbed radiative energy 
by the energy of the electrical heater. The primary concept 
and the design execution of the instrument belong to V. G. Kar- 
penko . 

Mounted in the receiving body was a heater; it power can be 
measured v/lth high accuracy customary for electrical measurements. 
The gap betv/een the receiving body and the shielding blind v/as 
approximately 0.3 mm. In order for the radiation flux penetra- 
ting this gap (its area extends to 2 percent of the receiving 
area) to by-pass the body, its surface v/as polished and gilded. 



Fig. 65 Absolute radiometer 
with energy substitution: 

1. radiation receiver 

2. sandv/ich transducer 

3 . cooled housing 
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the 


and the remaining surfaces of the cavity under the blind were 
covered with lampblack. By this the leakage of heat to the re- 
ceiving body through the gap evidently does not exceed 2 per- 
cent of the quantity measured. 

The diameter of the receiving surface v/as measured three 
times with a micrometer at 60° angles; its area v;as determined 
by the arithmetic mean. The housing and the blind v;ere also 
of copper; their external surfaces were polished to reduce ab- 
sorption. Since the housing v/as cooled v/ith water at the ambi- 
ent air temperature, the errors introduced by convection and 
background radiation can be reduced to a minimum. 






These radiometers are made in two modifications: one with /127 
a plane receiving surface, and the second — v/lth a geared 
V-shaped surface. 


The experimentally confirmed Psarouthakls function exists 
betv/een the absorption coefficients^ of the plane (a ) and the 
V-shaped geared (a ) surfaces /309/: ^ 

O 


Cg=. 




(IV. 9) 


v/here 3 is the angle betv/een the gear tooth sides. 


The v/orking coefficients of the geared and plane radio- 
meters v/hen they are used in measuring the incident radiation 
flux q v:lll be 
P - . 



(IV. 10) 



(IV. 11) 


and their values with an error not exceeding 1 percent are deter- 
mined in experiments when the absorbing body receives energy 
from the built-in electrical heater. 

By dividing Eq . (IV. 10) and Eq. (IV. 11), v/e find that 


iL = 3^- 


(IV. 12) 


By jointly solving Eqs . (IV. 9) and (IV. 12), we get 
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ide„tl?arco^ri^nr^7£jeSi?f7J^^ 

al^uL?to’'irrtSlirac?rry .oael ^of an absolute blaC- 
body /132, 1337. 

..sorTuo.r tre%er4f2uXce^lSfoiKS t‘£ 

^ltrarifloSSd‘?or7o“SGleSled!' assuming thrseSed. lur- ^ 

face receives all the incident flux. 

receiving surface /F?/ . 

..,. ’i;:SK.rit.SK.s s£:H”rs5 

standard ®easu?ed flu^than did the pyrhelioyeter; 

?he"5f/faranra botifan“?hrvIluas did not exceed 1 percent. 


6. Radiation Calibration Method 

. ,-„_v or 1-hp method is to provide the conditions 

under“hlS‘?he calibrating f J- "^°“^reach"?a^sL=ar'n'ust 

w?th'’th4 r77»Pblach as wa3 uccd in blac.enln,x^^ 

the rafarance standard f LSbirck forculation 

?5riachb^idrirSe^r?7iskf:r?L^rsu'lcarce,,,e^ 1= 

mixed with carefully screened, dried lampblack (1 g) • 


/ 


tion 3“S"?his“hIpt“r? radloireter (see Sec- 

oelain Plate; thrpUti’thJek^et"^?!;"'’ ”“•'‘‘■^9 Into a po?: 
thickness. The transdtjp^T' -f ^ i*^ equal to the transducer 

mold and porcelain slip is allowed^tn Gypsum 

Before the pourinr comLnLo J mold, 

with a tweeLrs a smaM transducer is fitted 

the plate does not Svf that 

is- provided Tn the Cppe7na?t^"ft"Si"^?"‘'- ^ 

weakeninrof ""s t^eS'th Jsing^the'^t^a'' * compensation"'orthr^ 

Bypsum molds dif far* as f*^-. ♦•Virt-i v> r«/^ x j ^ 
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thla Elves them tlsht ?lttl^ In 

or the radiometer head! The trLidnonn ?'’" ?" '5^ “I"*"" ‘’ooe 
height as the working and thr^^ol^nf Placed at the same 

meter. o^King and the compensation plates of the radio- 

positioned at^ten*^fiy|d^points'^SDai^^d^?n^ tie 

port hole of the radiatiSn^souro^ r T" opposite the 

its own axis for 1 s eyDO'-''r<t. - n‘ I’otating the head around 
the radiometer and of the transdnn^rv ® ^^^'^Sed for the plates of 
inner side the transLcer iJ nnfn f calibration. On the 

like the radiometer platL. ^ ^ cooling air flow, Just 

painted^trSsdSce^^lf rubbed^vitffV? radiometer, the 

against the surface of a vacuum grease (Ramsay type) 

the radiometer housing Ld dLlg'^o 

equal to the cooling fir te.mpfrf ?ufe! ^ temperature 

corderSi?h"f"potfntlJS?er°'' Se i*''' re- 

fined as the ratio of the calibratlnf^rf 

by the transducer. ^lux to the emf Generated 

shown in^Pig^^ee!^’^ radiation calibration is 
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Ults! described showed good mutual agreement of 





Fig. 66 Stand for radiation cali- 
bration 
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CHAPTER 5 
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CALIBRATIOn MEASUREMENTS OF CONDUCTIVE 
FLUXES AT LO\I AND MODERATE TEMPERATURES 
(+200° C) 


Among the various systems for calibrating heat flux 
transducers, next most promising after radiation type trans- 
ducers are the conductive transducers. The above-described 
absolute calibration instruments have shortcomings that are 
eliminated to some extent in the conductive transducers . 
Specifically, fluxes that have densities stronger than 
150 kW/m 2 are more easily generated and more easily monitored. 

An independent variation of fluxes and working tempera- 
tures is also more easily executed in this case. Combining 
different independent calibration methods makes measurements 
more trustv;orthy . This is particularly important because in 
heat measurements it is extremely hard to fully allovf for c.11 
causes of error. 

To generate a calibration conductive flux, throe groups 
of instruments were developed: in one group the electrical 
heater, made of a good heat conductor, is pressed against the 
transducer under calibration and on all the other sides is 
surrounded with insulation provided with compensatory heating. 
The losses can be reduced to a negligibly small value. 

In the second group of instruments it was possible to 
achieve a replacement of the measured energy with electric 
energy amenable to more exact monitoring. 

Classed with the third group is an instrumiont that is a 
combination of two electrical substitution systems assembled 


lh2 



in a differential scheir.e, and the transducer under calibration 
is positioned at the interface of the systems. 


1. Electrical Calorineters v;ith Compensatory Insulation 

A schematic diagram of this calorimeter is shcv/n in Fig. 6?. 

The heat flux transducer to be calibrated is placed betv/een the 
heat source core and a condenser. In the steady-state heat 
regime, the power direc' _d to the core must be fully (without /131 
losses) removed through the transducer to the condenser. To 
prevent heat losses, the copper block 5, performing the func- 
tions of an adiabatic shell, is kept at the central heater tem- 
perature. The temperature of block 5 is regulated automatically 
v/ith a thermoregulator of an EPD-12 electronic potentiometer. 

Serving as the null indicator monitoring the absence of heat 
losses and generating a command signal to the potentiometer is 
the sensitive element of a series-manufactured sandwich-type 
transducer-calorimeter (see Chapter 3). 

The element is heated to 120° C, deformed on a cylindrical 
mandrel, and after cooled it is placed In the circular gap be- 
tween blocks 1 and 5. The large number of thermojunctions in 
the indicator-calorimeter helps keep the temperature drop be- 
t'ween the central and the protective blocks at approximately 
0.01 deg. And the heat losses (positive or negative) do net 
exceed 0.1-0. 2 percent of the pov;er fed to the central core. 

The contact surfaces of the core and the condensers have 
dimensions corresponding to the working planes of the trans- 
ducer. During calibration, special attention must be given to 
the quality of machining and assembly of the contiguous sur- 
faces, since distortion of the heat flux field with contact 
energy supply can lead to calibration errors. In addition, 
the quality of contact affects also the thermal inertia of she 
system, 

■j 

The time constant of Ihe calorimeter for 10x10x1 mm-" trans- 
ducers usually does not exceed 200 s when calibration relies on 
a copper condenser. 

During calibration, the transducer temperature is assumed 
to be equal to the arithmetic mean of the readings of the thermo- 
couples placed in the core of the heater and the condenser near 
the surfaces abutting the transducer. 

Calorimeters v;ith compensation Insulation were used in both 
calibrating iridividua] transducers and calibrating transducers 
embedded in products /8^37. A typical characteristic of one 
transducer recorded v/lth this calorimeter is given in Fig. 68. 
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Pig. 67 Calorimeter v.’lth com- 
pensatory insulation: 

1. core 6. calibrated 

2. heating element transducer 

3 . indicator-calori- 

meter 7 . condenser 

5 . protective 

block containing 

heater 8. thermocouples 



Pig. 69 Miniature calorimeter 
for calibrating sandv/ich-type 
transducers : 

Key: 1. protecting housing 

2 . compensatory heater 

3 . indicator-calorimeter 
j 6 . elements of central 

heater housing 

5 . central heater 

6. calibrated tratisducer 
8. condenser 


Fig. 68 Typical calibration 
characteristic of self-con- 
tained transducer recorded 
with a unit that has compensa- 
tory insulation 

Key: a. e, microvolts 
b. watts/meter^ 

A compensatory calorimeter 
similar in layout, but differ- 
ently designed, developed for 
calibrating high-sensitivity 
banlced neat flux transducers, is 
shown in Pig. 69 . Typical of 
this instrumental design is the 
alternation of materials with 
high and low thermal conductivity. 

Much of the gap between the 
heat-protective housing and the 
central heating housing is filled 
with an xndi cator— calorime t er 
in the form of a series-manufac- 
tured sandvich-type heat flux 
transducer. 

The compensatory heater is 
assembled from tv;o windings; the 
power of one is hand-set during 
heater adjustment to cornoensate 
for scattering power losses, with 
a slight understatement. Cut the 
second heating coil is 



energised v/ith allowancos from an automatic control system 
that maintains the sij^nal streneth of the indicator-calori- 
meter at about zero. The temperature is regulated with a 
standard EPD-12 electronic potentiometer. The operatlns con- 
ditions are selecteo so that the energy of the positive fluxes 
passing through the indicator is equal to the energy of the 
negative fluxes, and the amplitude of the power loss, alter- 
nating with the influxes, did not exceed 5 percent of the 
central heater pov/er. Since the identicalness of the Influxes 
and the losses is monitored with an accuracy no worse than 
10 percent, v/e can expect that in the system the unaccounted- /133 
for loss will not exceed 0.5 percent. 

A large part of the errors comes from the nonuniformi- 
ties of local flux densities in the calibrated transducer. 

So in repeated calibrations with repositioning of the trans- 
ducer, a discrepancy in results v/as recorded, as much as 1.^1 
percent . 

The calibrated banked transducer. Just like the case of 
the calorimeter for self-contained transducers, is placed be- 
tv/een the central heater housing and the condenser. 

Simplicity and independence of readings from boundary con- 
ditions, especially for large heat fluxes penetrating the trans- 
ducer, is an advantage of electrical calorimeters with compen- 
satory Insulation. In some sense, this type of calorimeter is 
an absolute type, does not need calibration, and can be used 
successfully for calibrating not only high-sensitivity banked, 
but also lo’w-sensltivity self-contained transducers. 

The calibration temperature can be easily vai’led in com- 
pensatory calorimeters; the upper temperature limit goes up to 
350-^)00“ C, thank.s to the thermal resistance and heat stability 
of the parts. 

To determine the change in the transducer coefficients 
■when the temperature changes in the -l80 to 100*^ C range, this 
calorimeter is placed on a metal rod-condenser, then put into 
a Dewar flask filled with liquid nitrogen. As the niti’ogen 
bolls , the thermal resistance of the rod-condenser increases 
and the calibration temperature rises. After all the nitrogen 
has vaporized, calibration continues in the monotonic heatiiig 
reg.ime. Heat accumulated in the transducer body and the cen- 
tral I'eator is taken into account from the rate of temperature 
rise. 

For calibrations in the 0 to lOO'^ C I’ange no changes v;ere 
detected in the values of the sandwich-type transducer 
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coefficients. VJhen the temperature up, and especially when 

it Goes down beyond the indicated limits, a marked rise in the 
values of the workinc coefficients was observed. 


2. Contact Type Thermoelectric Calorimeters v/ith Substitution 

For lov.'— temperature contact calibration of transducers a 
scries of thermoelectric calorimeters was developed; in opera- 
ting principle these calorimeters are analogous to the absolute 
compensatory calorimeter described in Section 5 of Chapter 4 
(Fig. 70). 

The dimensions of the receiver and the thermopile of ele- 
ment 5 v;ere selected v/ith consideration of the required sensi- 
tivity and inertia of the calorimeter. The calorimeter body is 

conveniently cooled v/lth v.'ater at the ambient temperature. The /_ld 

thermal resistance to heat flux through the sensitive element 
is two or three orders of magnitude less than the thermal resis- 
tance to heat transfer by free convection. So when there are 
small differences between the ambient temperature and the cool- 
ing water temperature, heat losses can be neglected. 



Fig. 70. Contact calibrated 
substitution unit: 

1. receiving body 

2. calibrated transducer 

3. heat source 

. substitution heater 

5. sensitive element 

6. condenser housing 
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Fig. 71 Calibration charac 
terlstic of substitution 
calorimeter 

Key : 

a. watts 

b. millivolts 


For calorimeter calibration, the signal of the sensitive 
element was plotted as a function of the power of the heater 
of the heat *flux receiver in steady-stage regimes. Heater 3 
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operated at lov/ pov/er levels; this r.aae it possible to record 
a zero sicnal in the transducer under calibration in each 
regime. A typical lov/-ter,perature calibration characteristic 
is Gi'>^en in Pie. 71. 

The measurement data v.'ere plotted along a line extending 
through the origin of coordinates, v/ith a scatter no greater 
than 0.5 percent. Thus, the unambiguous dependence of the sig- 
nal of the sensitive element on the power supplied the receiver 
was established. 


When the thermal conductivity of the receiving body was 
large, the sensitive element of the calorimeter reacts the 
same to energy coming from the substitution heater, or to the 
energy passing through the transducer under calibration. This 
makes it possible from the plotted characteristic to determine 
the value of the flow penetrating the transducer under calibra- 
tion in the following cases. 

1. V/hen the substitution heater was disconnected, all the 
flux recorded by the signal of the sensitive element f3.owed 
through the transducer under calibration andivas calculated from 
the earlier-plotted characteristic located in the first quadrant. 

2 When the heater was replaced with a condenser, the sig- 
nals of the calibrated transducer and the sensitive element of 
the calorimeter changed sign; the flux passing through the / 

transducer v;as determined from the extrapolated extension of 
the characteristic in the third quadrant. 



Fig. 72 Arrangem.ent of ele- 
ments v;hen- transducers secured 
to product vjere calibrated: 

1. product 

2. calibrated transducer 

3. calorimeter heater 

, substitution heater 

5. ’ sensitive element 

6. condenser housing 


3. In both the cases 
above it can be found conveni- 
ent to direct to the substitu- 
tion heater some positive power; 
its value must be substracted 
from the value corresponding to 
the signal of the sensitive ele- 
ment found from the character- 
istic or its extension in the 
third quadrant. Other variants 
are not of practical interest. 

In the third case, the 
calorimeter operates in the 
regime of excess simultaneous 
substitution and, thus, serves 
as a calibrated source of addi- 
tional thermal energy . 
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These units have been used a number of times in calibra- 
ting self-contained and banked transducers directly attached 
to products (Fig. 72). 


3 . Twin Calorimeters 

Based on the above-presented first and third regime var- 
iants, a tv/in thermoelectric calorimeter was constructed; it 
was developed for contact calibration of transducers at temper- 
atures to ^00° C. Essentially it comprises tv;o substitution 
calorimeters; one operates in the source mode, and the other — 
as a receiver of the energy penetrating the transducer under- 
going calibration (Fig. 73). 

To extend the temperature range of calibrations between 
the core and sensitive element 2, a lining 3 was placed; it 
had a relatively high thermal resistance and was made of heat- 
resistant concrete. 

The, field of heat fluxes in the interval between calibrated 
transducer 2 and sensitive element H (see Fig. 72) changed con- 
siderably in the. self-contained calorimeter when there v;as a 
transition from the substitution regime to the calibration 
regime . 

Since the thermal conductivity of the receiving body is 
limited, confirming that the heat fields v/ere completely iden- 
tical in these regimes beyond the receiving body was difficult, 
in particular, the calibrated transducer 2 and sensitive ele- 
ment This nonidenticality must be manifested most strongly 
tifhen the calorimeter is converted from the sink mode to the 
source mode. 

The imperfection of each of tv/o constituent calori- /136 
meters can be experimentally determined v;ith a twin calorimeter. 
V.'hen there were substantial internal resistances during measure- 
ments of a flux identical in value in the source and sink modes, 
the calorimeter readings must differ from each other. This 
difference in all the measurements made did not exceed the 
scatter of points from the calibration curve. 

Calibration can be conducted v/ith both calorimeters, but 
usually only one is used after conversion to a different mode 
has been confirmed. 

The calibration characteristic shown in Fig. differs 
from a straight line. This is due to the rise in the receiving 
body temperature with increase in pov/er transferred through 
lining 3 (see Fig. 73) and, therefore, v;lth an increase in 
radiative losses. 
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Fig. 73 Tv;in thermoelectric 
calorimeter: 

1. condenser 

2. sensitive element 

3. lining 

core v/ith heater 
5. transducer being calibrated 


Pig. Calibration charac- 
teristic of twin calorimeter 

Key: 

a. watts 

b. millivolts 


The density of the heat flux penetrating the transducer 
that is being calibrated is defined as the difference betv;een 
the total heat from the receiver Pq recorded by the sensitive 

element and the heat release of the built-in heater P. , per 
transducer area: ° 


q 



(V.l) 


The quantity P. is found from the calibration character- 
istic (see Fig. 7^), and P, — from the readings of a wattmeter 
incorpoi-ated in the heater circuit. 
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U ^4 Chromel-alunel thermocouples v;ere calked Into the receivlnr /137 
oodles of the upper and lov;er calorimeters for measuring the 
calorimeter temperatures. The transducer temperature v;as 
assumed equal to the arithmetic mean of the receiving body 
temperatures of the upper and lower calorimeters. 

2 ®^^-coritained. copper-constantan heat flux transducers were 
calibrated using the above-described unit in an air atmosphere 
at temperatures to 300 C. At higher temperatures, intensive 
rapidly " was observed and the transducers broke down 

Later an attempt was made to calibrate with the twin calo- 
rimeters at more elevated temperatures in a protective argon 
atmosphere. But the copper conductors and parts started oxidi- 
zing quickly — evidently associated with the voids in the cooling 

system and with argon con- 
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Fig. 75 Temperature characteristic 
of copper-ccnstantan transducer 


tamination. Since it was 
not possible to remedy 
the causes of the mal- 
functions, the investi- 
gators limited themselves 
to calibration results 
at temperatures to 380° C. 

Results of calibra- 
ting one of the cepper- 
constantan transducers 
are shown in Fig. 75 . 


Key: 


a. watts/meter^ • volt 
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CHAPTER 6 

CALIBRATION AT ELEVATED TEMPERATURES 
(TO 600° C) 


/W 


Prom analyzins the nature of finals of 
heat flux transducers it follows that transducer sensitivity 
must depend on temperature. So, naturally, the challeng 
independent calibration over a wide temperature range emerged. 
In practice, the need for meeting this challenge appeared in 
1965 owing to the development of a number of new electric 
energy sources and the investigation of high-temperature elec- 
trolyzers for. molten salts. 

One proposed variant involved generating a relerence- 
«?tandardized heat flux by bombarding the transducer being cali- 
brlSS wllh head:on electron beams (the heat was rem.oyed by 
radiation). Unfortunately, this attejnpt was unproductive. 

A second variant— use of the twin calorimeter described 
in the preceding chapter — made it possible to bring the cali- 
bration temperature to 380° C. 

And finally, a third variant— applying a contact stack of 
high-temperature heaters— permitted extenalng calibration to 

600° C. 


1. Operating Principle of Calibration Stack 

The calibration stack consists of successively alternating 
transducers and heaters vjhose power can be measured accurately 
enough. Projection of the heater on the transducer plane must 
not overshoot the transducer outline in oi’Jer ^°’' 
not to "see" each other and in order that the enert>y 
change among the heaters to occur only through the transducers 
undergoing calibration (Figs. 76 and 77). 
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The external surface of each heater consists of end sur- 
faces covered v;ith the transducei’s being calibrated and a 
lateral surface through which energy is scattered to the ambi- 
ent medium. During calibration in vacuo with residual pres- 
sure less than 10"^ U/m‘^ , scattering of heat occurs virtually 
only by radiation. 
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Each heater gives off to the stack conductive fluxes di- 
rected upv/ard and dov/nvjard. So all the intermediate transducers 
are in a regime of head-on heat fluxes, when the sums of heater 
power under the given scattering conditions ensure the corres- 
ponding temperature, and their 'ifferences — the values of the 
calibration fluxes passing through the transducers. 


The heat balance equation for each heater has the follovj- 
ing form: 

Vi - *i^l^i-rl> ( VI . 1 ) 


Here the left-hand side shoivs the difference of the fluxes 
recorded by the upper and the lovjer transducers for the given 
heater, and the right-hand side — the quantity that is the re- 
mainder of the heater power after part of the energy P^, has 

been scattered by the side walls of the heater into the ambient 
space . 

For a stack that has the cross-section f^, consisting of 

n heaters and n + 1 transducers, the energy balance can be 
described by the follov/lng system of equations: 


/ V2) ~ ^ I ^si’ 
ft. (Vrt ~ 


(VI. 2) 


It is assumed that all the heaters and transducers assem- 
bled in the stack have the same areas. 


If we know the scattering power values P^^ from some indi- 
rect indicators, for example, from temperature, and if the 
transducer signals e. and the power levels required by the 

heaters P, , have been measured, only the transducer coeffici- 
hi 

ents k^ in the system of equations (VI. 2) remain unknown. 

The number of transducers with unknown coefficients, as we 
can see, is greater by one than the number of equations equal 
to the number of heaters. So the system is not closed. To 
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solve the system, all we need to^^^l^Ts' insert in the stack one 
transducer with a known workinc coefficient or with a variation 
in the stack operating conditions, and then bring the signal oi 
one of the transducers to zero (e = 0). 


Then v;e cancel out the coefficient 

from the system and the system becomes 
all the v;orking coefficients kj^, k2> •• 
v;as v;hat v/e se . out to do. 


of this transducer 

solvable with respect to 

. , k , vjhich essentially 
’ n 


2. Stand for High-Temperature Calibration in Vacuo 


/l^O 


The stand was designed for general service in conducting 
experiments vjith strong-current (1000 A) heating to high 
(2700° C) temperatures in vacuo, v;ith I’esidual pressure to 

10“^ N/m^. The capacity of the working chamber under the glass 
hood was 0.15 m3. The potentialities of the stand have been 
realized only in part in the experiments related to our subject 
of interest. 

A steel Chrome-plated plate is the assembly of the 

standi the plate is placed on a suppor; welded of steel, angle 
bars. The upper surface of the support is used for accommo- 
dating the instrumentation and auxiliary equipment. Openings 
are provided in the plate for four .ctrong-current and two 
■ banked weak-current hermetic lead-ins of 27 lines ecCh. 

Secured to the lower side of the plate on a is a 

VA-05 diffusion pump. The fore-vacuum is provioed v-ith a VN-^! 
pump. The pump under the hood is monitored with a standard 
VIT-IA measuring unit. 


Above, the plate is covered with a glass 
resin poured in a massive chrome-plateo steel f lange . On -ne 
outside the hood is protected with a steel screen, behind whi 
the flange together with the hood is suspended on a cable by 
means of a /“-shaped support to a counterweight. By means of 
a wedge step the counterweight can be disconnected from the _ 
hood in the position v;hen the flange linings adjoin P- • 
surface. The weight of the hood and the flange poyides the 
initial clamp and the corresponding seal at the beginning o 
ti:3 evacuation of the internal space. 


The parts and assemblies operating 
in accordance with the recommendations , 
logy literature /98. 106, 2^9/- 


in vacuo are installed 
Iven in vacuum techno- 
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Fig« 76 General view of Fig. 77 General viev/ of stack 
calibration stack: in clamping accessory 

1 ; housing 
2 . cover 
3 - transducer 
thermocouple 

5. heater current lead-in 

6 . stepped bushing 

7. reflecting panel 

8 . spiral 

9. insulator 




The measurinr. stack is assembled in is 

(Figs. 77 and 78). The “^^'"^J^ave^nut The upper belt is con- 
-^trd^/ilrtL^^a?e^^? ?re^cSrg-?ok afong Kich a slide 
driven by the screw travels. 

Direct contact of metal 
with metal was prevented in all 
the loaded matings in ord|r to 
avoid diffusion welding /lib, 

117/. So the architrave was 
mate of graphite and a graphite 
shell '• was press-fitted into 
the slide. Later it was found 
that rubbing graphite over tne 
mated surfaces was enough to 
preventing seizing. 

The stack parts 7, 8, 9, 
and 10 were pressed with slide 
6 against support 11, resting 
on elastic washers made of 
vacuum rubber and overlain v;ith 
metal washer. The base was 
placed on an installation plate 
using three adjustable support 
screws so that connecting roas 
3 stood vertically. Owing to 
the elasticity of the support 
during heating of the stack, _ 

there were practically no addi- 
tional stresses induced in the 
parts of the installation. 

The height of the elastic 
support was continuously measured 
with a dial type indicator— 0 .01 
mm scale divisions — to monitor 
the compressive force. In the 
preliminary experiments the 
•"ndicator vjas calibrated v;ith 
respect to the stresses existing 
in the system. Usually the 
heaters operate at a force of 
about 1000 N (100 kg). 

uniform flttlnr of "'f 

for nonparallollty 



Fig. 78 Clam.ping device for 
calibration stack: 


1. screw 

2. architrave-nut 

3. connecting rods 
II q'nel 1 

5*. thrust bearing 

6. slide 

7 , 8, 9, 10. stack parts 

11. lower support 

12. elastic washers 

13. rigid v/asher 
lH . base 

15. support screws 
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of the worklnn faces of the heaters was 100 urn, that is, tv;o 
orders greater than the value of the possible elastic deform- 
atlons of the heaters under compressive forces. Use of the 
rotary supports in ball form afforded a practical solution to 
the problem. Assuminc the given tolerances, the practical 
deviation of the axial compression line from the transducer 
centers did not exceed 0.3 mm and was mainly due to the errors 
in installing the heaters and the transducers in the stack 
(displacemen'Cs ) . The freedom of the ends ensured the freedom 
of mating over the entire contact mating planes of the stack 
elements . 

12 A V, heater is the most significant part of the stack, 

high thermal loads (more than 50 VJ/cm^) at temperatures hitcher 
than bOO'^ C occasioned certain difficulties. An increase in 
the dimensions of the heater and a lowering of the working tem- 
perature made operation meaningless. A satisfactory solution 
could be gained only in the third design attempt. Although in 
scientific experiments an unsuccessful attempt is no less in- 
structive than a successful attempt, let us limit ourselves 
here only to the last variant. 

The main distinction, in 
the heaters assembled into the 
stack (see Fig. 76) from the 
preceding designs is that 
graphite was selected in place 
of copper as the housing mater- 
ial. The cover does not extend 
to the face surfaces (they per- 
tain completely to the housing) 
and therefore all the parts can 
be subjected to final machining 
in the preparations. A layout 
of the placement of the current 
lead-in insulators is shown in 
Fig. 79. 

In the first designs, the 

- condensation of metals on the 

3. reflective aisk insulator insulator led to a rapid drop 
cylindrical insulator in resistance. In the variant 

5. stepped bushing adopted, the deposition rate of /IU 3 

the conductive coatings in the 

. . , . , interval between the disk and 

the main insulators was much lower than in the exposed surl'aces . 

Pyrophilllte v;as selected as the insulator material /32l7. 

It is easily v/orked in the crude form by all known methods. ~ 



FIs. 79 Twin insulator: 

1. current lead 

2. spiral 
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After hcatlnc to 1100° C, pyrophillito Is not inferior in 
stren^^th and insulating properties to kilned porcelain. On 
a par with talc, pyrophillite is best used as a flnishlnc 
material in insulator manufacture. 


Fig. 80 Electrical diagram of vacuum s 
for calibrating transducers in stack: 


tand 


1 . 

2 . 

3. 

H. 

5. 

6 . 

7. 

8 . 
9. 


voltage stabiliser 
aut Jtransf ormers 
cutoff transformers 
am.meters 
voltmeter 

calibrated transducers 
incandescent spirals 
selector sv;itch 
potentiometer 


At first, special stops opposing rotation v;ere provided 
in the insulators, in the event of possible weakening of the 
Interference fit between the housing and the insulator v;ith 
respect to threading. This v;eakonlng was observed relatively 
rarely 5 this is evidently associated v’ith the gradual increase 
in the dimensions of the pyrophillite products uoon successive 
calcining. Sometimes in spite of this weakening* sets in and 
can be eliminated only in two ways: 

1) by building up the graphite in the contact area using 
'10 percent glucose. Coating with glucose v;as conducted three 
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or four timea . As this v;as done, the insulator was firmly 
cemented to the liousint*. Later, durinn heat j no in vacuo the 
Glucose decomposed and sponoy coke remained, bondinc v;ell to 
the rouGh surfaces of insulator and housing. 

The property of glucose, vjhen heated in vacuo* *ot^cokino 
v;ith the formation of ashless carbopraphite v/as repeatedly used 
by us in experiments. In particular thermocouple Junctions 
(see Fig. 76) in the housing cavities were lubricated with /1^4^< 
grease consisting of finely ground, loi-;-ash graphite and AO 
percent glucose. 

2) by buildup of iSiSulaCors by slip coating of an enamel 
(for example, Ts-5). The enamel penetrated the gap and after 
kilning bonded to the insulator and the housing, reliably secur- 
ing the threaded connection. 

To keep the current lead-in from rotating, on the projec- 
ting part of the insulator was made a recess into which enters 
a projection on the bushing 5, gripped against the nickel 
curi’ent lead-in (see Pig. 79). The spiral in the current lead- 
in was secured Just as in the electric lamps with the bending 
of the flattened current lead-in by 180°. 

The heater was connected to the circuit with miniature plug 
connectors. An electrical diagram of the measuring circuits 
and the powei* supply of the stack heaters is shown in Fig. 80. 

The heaters v;ere powered from an altei-nating current line through 
a stabilizer and a common regulating autotransformer, beyond 
which the power supply circuit branches into autotrans formers 
for individual regulation of the heater pov;er levels. Further, 
voltage was fed through cutoff step-dov/n transformers, ammeters, 
or current coils of wattmeters and vacuum-tight conduits to 
heater spirals. 


Signals from the transducers and thermocouples were fed 
through a banked hermetic lead-in and a selector switch to an 
R-30V potentiometer. 


3. Theory of Thermal Conductivity for Stack. Scattering Losses 

In the design adopted all the energy from the spiral fed 
to the heater was transferred to the housing and the cover by 
radiation. Only a small partwas transmitted through the cur- 
rent lead-ins by thermal conductivity. In the simplest repre- 
sentation v;e can assume that the oov.'er P absorbed by the 
houslngwas uniformly distributed along the housin- length i 
with the intensity 


158 


P 


(VI. 3) 



II' wc nssun.e that the transverse thermal conductivity of 
the stack is Infinitely larr.e, this case can be reduced to the 
one-dimensional problem /12V* 


V.'hon experiments 
face of the stack can 
rate 


are conducted In vacuo, 
lose energy only throuch 




the external sur- 
radlation at the 

(VI. V 


where p is the perimeter of the cross-section an(i T is the 
effective ambient temperatui'c • The model adopted wab formu- 
lated witlj sirnplifyinc concessions. The most substantive of 
these concessions are associated v;ith the assumption that the 
problem is one-dirnensional and that the supplied energy is 
uniformly distributed across the heater length. 


The thermal conductivity equation for the steady-state 
regime of the stack heater is 






(VI. 5) 


In the general case, from this equation v/e can foi’mulate 
the integral equation of the stack heat balance in the 0 - x 
interval; 

~ 4 J pro (T* — T^dx - qj^ ( VI . 6 ) 

0 0 


The left-hand side of Eq. (VI. 6) is the heat flux penetra- 
ting the cross-section f^ with the longitudinal coordinate x; 

the right-hand side has , which is the thermal power 

U 

X 

supplied the section 0 - x; f is the power scat- 

a 

terod owing to side losses; and o.gf^ is the flux through the 
cross-section from which the coordinate x is read off. 

If we place the transducer to be calibrated in some fixed 
cross-section, the problem can be reduced to determining the 
right-hand side of Eq . (VI. 6). The calibration regime in the 
stack is conveniently maintained vfhen q^ = 0. Then the princi- 

part of the problem reduces to finding the side power losses: 

t 

( p^o(T'-i;}.)dx (VI. 7) 

0 

In this case, knowing the distribution T = f(x) is most essenri 


inr the t.enoerature chanr.e alonr. the heater led to 
appre=Silo o/;cS that V, ere detected tn the experl.entc 

The thermal conductivity equation (VI. 5) can be rewritten 
this way: 


d-T 


dx- 


■ aT^ -T b = Q 


(VI. 8) 


where 


pf(T . 


Given the boundary conditions 


jf = 0 — 5 — ^i_o 

x^l-T^T, 


the solution of Eq. (VI. 8) is 


f ln(f-T^,)-b,iT-T,)\"Ur 


vjhere 


1-0 

Or 


?p^a a ‘’a ■ 


T ■ 


A-'- 


/JM 


(VI. 9) 


(VI. 10) 


Likewise, when x = 1, we have 




'dT 


'i-o 


(VI. 11) 


In principle, given a know stack geometry (p, 1^- ->• 

and external and internal boundary conditions 

propertles^^U.e ,^and «t-rn^^^^^ 

^’(V^Iol-^the temperature In any cross-section with coordinate 
But integrals (VI-W) <S,“l„Scm°L"torSrrSw%‘o? 

^^?fodS^t?Jro?'Sn^e "7= 

applied siGbificance /277> -82, 267, 29/, J _ 

1 /oooT foYamines closely problems associated v/ith 

Che t:S?eraru(-e^^d(KrlSSfl rinVods\;77;7th e^ 

?rd t^7i^L7rrnfS?K; rn%rrfesrtS^/7erraKe^t;^^ 


160 


the rod Into characteriotio rcclons, for v/hich rapidly conver- 
ginc expansions v;ere found. Given in ^IT/ are the interest- 
ing results of the authors' own measurements — they convincingly 
justify the assumptions made concerning the simplifying of the 
problem. 

Follov;ing Jain and Krishnan, let us introduce the concept 
of maximum temperature up to which the rod can be heated 

in its mid.ile section when there is an infinite extension of 
its length. In this case all the heating energy is expended 
in compensating for the losses into the ambient medium. So 
the temperature T uniquely characterizes the possibility 


of heati; g in the 


max 


conditions given. By definition v;e have 

to) 


Taking note that b, = 5a, T and denoting T, - T = t, 
from Eq. (VI. 10) we gof^ ^ 

'xV~i = {’(5 5T,ty 


/lu? 


or 




(VI. 12) 


where 


Xi — I — x\ tj = - 


. f, ^ 

r;;r7rl'-T7-" 


Since in our conditions > t a^^d T - T, >> t> y must 

9. max a * 

always be positive, but much less than unity. And the expansion 


for (1 + y)""'^ will be rapidly converging. 
Eq. (VI. 12), we find that 


By Integrating 


- 7’;)]“ = 2 l/r (1 - s) 


(VI. 13) 


where 


1 

2yT 




iol 


\ 


\ 



Plotted in the graph in Pig. 8l is this function, reduced 
to the dimensionless argument v;here — . 


In the range 0<-j^<0,2 v;e used the sum s does not 

cr 

exceed 0.03. So in this case we can neglect s, v;hich is small 
compared with unity. Then from Eq. (VI. 13) v;e get 


it 


or 
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Importantly, the trend of the temperature along the rod is 
well approximated by a quadratic parabola and for completeness 
of information all we need to know is three parameters (tempera- 
ture in three cross-sections, temperature in tv;o cross-sections, 
and the derivative in one of them, and so on). The case when /1**8 
the apex of the parabola of the temperature curve lies on one 
of the transducers corresponds to calibration v;ith the experi- 
mental exclusion of the coefficient of this transducer from the 
system of equations (VI. 2) by reducing its signal strength to 
zero. 




Fig. 8l Plot of the function Fig. 82 Plot of the function of 

the correction f(A7/T, ; Ll/9.)'. 


s(t/t ) 
cr 


Key: 


a. t/t 


cr 


1. Ll/l = 0.0‘j 

2. LI/ 1 = 0.1 


‘ 1 ’ 

3.LI/1 


0 . 15 
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The minimum number of heaters v;lth which independent tem- 
perature and flux regulation is still possible is three. 

Let A£. stand for the embedding depth of thermocouples from 
the heater face; let and stand for the temperatures mea- 
sured v;ith the thermocouples “ *^2 ~ 

According to Eq . (VI.l^J), v/e have 

T\^T,-AMH T.^.T,~A(l-AD- 

from which v/e get 



In v/hat follows v/e can neglect the products containing 
AT/T and AZ/Z three or more times. Physically this is equivalent 
to the assumption that = T^. In practice, the value of AZ/J!- 

and especially AT/T is smaller than 0.1. Therefore, the error 
— if we assume that T^ = Tj^ — cannot exceed 0.1 percent. 

So we can assume that 


T=r, 



(VI. 15) 


Substituting Eq. (VI. 15) into Eq. (VI. 7) and neglecting, /li)9 
as before, the products of three or more relatively small quan- 
tities, v/e find 


where 



(VI. 16) 


/(4f--4) = '-44F(t- 


I /-'I. AL\ 

Here the function ' \ T, ' / / 

Its values are given in the plot in Pj 
are of practical significance. 



(VI. 17) 


can be easily tabulated, 
g. 82 for the cases that 


As a rule, v/e can neglect the second integral in Ea . (VI. 16). 
But it is difficult to take the first integral since near the 
insul^ators and the current lead-ins it suffers from a determinacy 
/sic/ of the integrand, in particular, the product pe . This 
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indeterminacy can be eacily circumvented by direct measurement 
of the side losses r>un/ in "dry run" experiments 

— by vjhich is meant the regime v/hen both transducers abutting 
the heater display a zero flux. And the measured heater pov'er 
is Vfholly expended in compensating for the side losses, and the 
correction function f(AT/Tj^; Lt/%) = 1. 

Thus, the side losses 

can be determined by measurements in the "dry run" at different 
heater temperatures. 


Methods of High-Temperature Calibration 

In the simplest case, the calibration stack is assembled 
from three heaters separated by tv/o heaters. In preliminary 
experiments, the "dry run" characteristic of -the central heater 
is constructed from several points. In practice, in both the 
"dry run" regimes and during calibration it is difficult to 
maintain the operating conditions of the outermost heaters such 
that the transducer signals are exactly zero. So we have to be 
reconciled to the presence of several sm.all signals, measuring 
their values, and introducing a correction for the heat sink or 
heat source, by using in the first approximation the v;cr’klng 
coefficients obtained earlier during dry run calibrations. In 
the second and subsequent calibrations we can more exactly allov/ 
for the temperature dependence of the transducer coefficients, 
but there is no longer any need for this v;hen there are small 
residual fluxes, since the second approximation no longer dif- /150 
fers from the first. This is so because the error in the small 
correction cannot strongly affect the result. 

An. 'important cause of systematic error is the zero drift 
of the galvanometer caused by the nonuniform heating of the frame 
parts because of illumination of the rotating mirror. For fami- 
liarity with this phenomenon, all we need do is sv?itch on the 
illumination of the reflected spot on an electrically arrested 
galvanom.eter, for example, an M195/2 model, and observe the be- 
ha\ ’.or of the reflected spot for 2 or 3 h . In some instruments 
the drift is as large as 15 scale divisions, corresponding to 
the appearance in the measuring circuit of a constant emf of 
about 7 '.jv, v/hlch cannot be neglected. This drav;back is typical 
of both nev; galvancmetors and, to a much greater extent, of frame 
suspensions that have undergone second soldering during repair. 
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REPRODUCIBILITY OP THE 

ORIGINAL PAC: ir P '• 

Two transducers are calibrated In successive in a single 
assembly. V/hen heated the transducers malfunction to the extent 
that they are suitable for extended operation only in this 
single assembly. Because of this only transducers selected 
from the batch are calibrated in advance. 

The calibration conditions are organized in such a way 
that the value of the flux passing through one of the trans- 
ducers is close to zero; this transducer is called the "dry 
run" transducer in contrast to the calibrated transducer 
through v;hich the principal flux passes. 


From the heat balance it follows that the power penetra- 
ting the transducer being calibrated, is 


P —P 
cdl h 


't d d s 


(VI. 19) 


vjhere is heater pov/er; is the pov/er of the flux through 

the "dry run" transducer; P is the scattering povier, deter- 

s 

mined from the experimentally obtained graphical dependence of 
the side losses on temperature in the Isothermal regime (P. ), 

v;ith allov;ance for the nonisothermality correction: 


Ps = /(-rf 


A/ \ ^ 

-7-)a.r 


(VI. 20) 


In accordance with the foregoing in Section 3 of this 
chapter, when determining P^ ^ from the plot, the reading of 

ther thermocouple (T^) placed near the "dry run" transducer is 
chosen as the argument . 

The nonisothermality correction f (AT/T^;A)l/il) is deter- 
mined as a function of the relative temperature difference in 
the heater (AT/T^) and the relative coordinate of the embedding 

of the thermocouple functions from the nearest working planes /151 
(^VJi) based on Eq. (VI. 17) or the plot in Pig. 82. 

The temperature of the transducer under calibration in each 
regime is assumed equal to the arithmetic mean of the readings 
of the thermocouples closest to it in the upper and lov;er heaters. 

In the follov/ing, the working coefficient of the transducer at a 
given temperature can be found from the expression 

. Peril (VI. 21) 
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The calculated 
functions, plotted 
from tabulated data, 
are given in Fig. 26. 



Fig. 83 Temperature characteristic of 
copper-cons tantan transducers 


During calibra- 
tion in the stack, at 
lov/ temperatures the 
fluxes prove to be 
small and the measure- 
ment errors increase. 
Using the results of 
the calculations given 
in the tables and the 
measurements with the 
tv/in calorimeter (see 
Section 3 of Chapter 
5), v/e can conclude 
that in the 0-200° C 
range there is a minor 
reduction in the values 
of the working coeffi- 
cients of the copper- 


constantan transducers, follov;ing by an increase, 


Plotted in Fig. 83 , based on the ata in Sections 1 and 3 
of Chapter 5 and this section, is the temperature dependence of 
the relative change in the working coefficient of the copper- 
constantan transducers in the -I 80 to 600° C range. 
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CHAPTER 7 

DERIVED IMSTRUI-'ENTS AHD SGwE CASES OF APPLYING 
HEAT MEASUREKENTS IN SCIENTIFIC RESEARCH 


Solving a number of problems in the theory and technology 
of fabricating the above-described transducers made it possible 
to develop special-purpose derived instruments. Though the 
area of use of each’ of these Instruments is limited, the overall 
range of their use is quite broad. 

Use of sandwich-type banked heat flux transducers for their 
direct purpose led to building a series of efficient heat-loss 
meters, finding broad use industrially and in heat power engi- 
neering. 

DirF*ct measurement of local fluxes can significantly sim- 
plify the techniques of determining the coefficients of thermial 
conductivity. From generalizing the operating experience with 
prototypes in which each of the quantities determining the ther- 
mal conductivity vjas obtained by direct measurement, a new instru- 
ment for finding the thermal conductivity of insulation and con- 
struction materials was designed and is in production in small 
series . 

Partially or wholly closed heat-measuring surfaces make it 
possible to measure the energy effects of different phenomena. 

On this basis a calorimeter v;as developed for biomedical inves- 
tigations, along with the so-called thermal diverger— a calori- 
metric variant of a dosimeter for measuring the energy of absorp- 
vion of nuclear radiation in nuclear reactors. 

As applied to nonstationary operating regimes of heat-insu- 
lating enclosures, calorimeters make it possible to build a 
system for direct measurement of their effective thermal conduc- 
tivity -and heat capacity in working conditions. 
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Miniature sandv/ich-type heat-measurlnf' designs are applied 
as sensitive elements of pyrometrlc instruments, used indus- 
trially for measuring, monitoring, and automatic control. 

In all the instruments and methods described in this chap- 
ter, standardized heat-measuring elements made it possible to 
simplify measurements, making them at the same time more reli- 
able and accurate. 


1. Heat-Loss Meters 


After development of the technology of series production 
of sandwich type banked heat flux transducers, it appeared 
possible to Introduce them v;ldely in different sectors of the 
national economy. 


A most promising application of banked transducers in 
heat povier engineering may prove to be an instrument for moni- 
toring losses through the heat Insulation of pipelines, power 
generating facilities, process installations, and the like. 


Annually about 3 million tons of asbestos, 0.5 million tons 

nn million tons of magnesia are extracted: 

up to 3 million tons of mineral fiber and 0.5 million tons of 
Ptfon claydite are produced. The proportions for the 

USSR are one-fourth to one-sixth of these quantities, and these 
indicai.ors are continually increasing. Most of these materials 
go into thermal insulation. Even so, informatio.n about their 
performance is extremely scanty because of the low responsive- 
ness of the available instrum.ents . So constructing a responsive 
instrument based on sandwich-_type transducers for measuring h'=*at 
losses is an urgent problem /52, 63, 6?7. 


The series-manufactured 17x17x1 mm- 
lowing characteristics: 


transducer has the fol- 


V/orking coefficient, k^, V.Vm^-V 

50,000 

Ohmic resistance, R^, ohms 

300 

Thermal resistance, R,. , m^*deg/V7 

0.001 

Time constant, y, s 

15 


«.u is usually removed from the external surface of the 

thermal insulation by free convection with a thermal resistance 
of about 0.1 m'^-deg/V.; the resistance of the insulation proper 
is usually one or two orders higher. In these conditions the 
tnermal resistance intrinsic to the transducer can be neglected 



THE 
lOIi. 

V/hen the heat flux circuit has a lov/ thermal resistance, 
the effect of the presence of the heat-mcasurinc transducer 
can be taken into account by the method described in Section 
Chapter 2. 

By virtue of the particular v/orkin/?; conditions, the instru- 
ment must be undemanding and must be Immune to dampness, con- 
taminations, overheating, and overcooling. All series ITP 
instruments possess these qualities to a good extent. 

Relatively crude indicating type K-2^ electrical instru- 
ments are used in the ITP-3, ITP-^J, and instruments; j 

the floating system is suspended on core bearings in these i 

type H-2^ Instruments. The deficiency' in the sensitivity of 
the indicating instrument is compensated by a built-in trans- ; 

istor amplifier assembled in the two-cascade differential ■ 

scheme. The amplifier is powered from a KBSL-0.5 standard 
replaceable battery or a built-in dry battery cell that provides 
continuous operation of the amplifier for 10 h. In the ITP-^ /15^^ 
and ITP-4A instruments the chargers are Installed in the 
housings. The dry batteries are charged from an illumination 
line circuit. 

t 

More sensitive transducers and indicating instruments are i 

used in the ITP-5 meters. Ov;lng to the augmented sensitivity of j 

the elemicnts there v;as no longer any need of using amplifiers ; 

and the corresponding pov;er supply system. In addition, an ' 

attenuation system is used in lTP-5 instruments for varying the i 
ranges of the heat-loss densities measured (1000, 2000, and 



Fig. General view of ITP series 

instruments 


2 

5000 V//m ) . For convenience In m.easurements the transducer is 
mounted on a telescoping rod; its length can be varied stepwise • 
from 300 to 900 mm. 


reproducibility of 
ORIGR-IAL PAGE IS P( 
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Improvements in instrument modifications for heat-?LOss 
measurements are continuino;- 

Operational rnonitorinc of heat-insulation uuallty fosters, 
on the one hand, the purposeful use of expensi-y^ ma^terials , and 
on the other — savings in heat and this means *i'n'’ f uel*^as v/eli,^ 

A general viev; of the ITP~i) and ITP-i<A instruments is shov/n 
in Fig. 8^1. 


2. Instruments for Determining the Coefficient of Thermal Con- 
ductivity 

The ratio of the heat flux density to the temperature field 
intensity is the definition of the coefficient of thermal con- 
ductivity : 

= (VII. 1) 


Use of heat-measuring transducers makes it possible to 1 
determine directly the numerator in Eq . (VII.l), considerably i 
simplifying the instrumental part of determining the coefficient i 
of thermal conductivity. j 

The first and very simple device for determining the cocf- | 
ficient of thermal conductivity v/as tested in 1963. V/ith it > 
studies v.'ere mace of the temperature dependence of thermal con- i 
ductivity for steel foil and foamed silicate 762/: j 

for steel foil /155 


/.=O.OI-!+O.OOC’036/ 


for foamed silicate 


0.175 + 6,00045/ 


(VII. 2) 
(VII. 2a) 


Later the instrument v;as_improved v;ith the adaptation of the 
method to mass measurements /77, 85, 191/. The instrument v;as 
intended for determining the coefficients of thermal conductl- 
vitv of solids, liquids, and gases by the plane-plate method. 

The action of the instrument is based on direct measurements 
of the heat flux penetrating the specimen, the temperature dif- 
ference betv/een the pianos of the test material, and the thick- 
ness of the material (Pig. 65), 
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Fig. 8;^ General vlev/ (a) and struc- 
tural diagram (b) of series-manufac- 
tured instrument for determining the 
coefficient of thermal conductivity: 

1. heater 5. speclm.en-thicKnecs 

2. condenser indicator 

3. heat-flux transducer 

4. thermocouples 6. specimen 


The heat flux is 
measured v.'lth a minia- 
ture plane high-sensi- 
tivity transducer, 
placed in the middle 
part of the condenser 
plane. This makes it 
possible not only to 
signii Icantly simplify 
the experimental proce- 
dures, but also to avoid 
the conventional protec- 
tive calorimeters or 
compensatory heaters, 
since the transducer 
directly records the 
heat fluxes penetra- 
ting the specimen of 
the test material. 

A conventional 
R-507 high-ohmic poten- 
tiometer is used as the 
instrument for recor- 
ding the transducer 
and thermocouple signals . 

Belov/ are presented 
the technical character- 
istics of the instru- 
ment for determining 
the coefficient of 
thermal conductivity: 

Measurement limits, 
V//m’deg 0.02- 5 

Specimen thickness, 
mm 0.2 -10 

Temperature range, 

°C 20 -100 

Error of measurement, 
percent + 5 

Time for instruiaent 
to arrive at regime, 
min 60 

Total instrument weight, 
kg 17 


The sandvjich-type transducer is cemented to the condenser 
VJith epoxy resin, and then its entire facinr, surface is potted 
with the same resin. After the resin sets, the facinr; surface 
is carefully machined, by hand at first, and then on a ftrinder. 
Thermocouples /70/ were installed on the first specimens for 
measuring the temperature difference in the surfaces of the 
condenser and the beater. In spite of careful machining the 
contacts with the specimen failed to be reliable, so later 
the thermocouples v;ere embedded in elastic rubber lin.'ngs that 
were laid on the specimen from both sides. The former method 
of attaching thermocouoles to the body of the condenser and 
the heater v;as found to be effective enough for measurements 
on friable, liquid, and gaseous bodies. 

The heater is a massive copper body that is grooved; a 
nichrorae spiral is laid in the grooves on chamotte-kaolin 
grease. 


The results of numerous verifications showed the correct- 
ness of measuring heat fluxes with the sandwich-type transducer. 

So the instrument v;as calibrated not v;ith reference standards, 
as initially proposed and carried out, but bj'- direct radiometric 
calibration follov;ing the method described in Section 6, Chapter 
So the thermal conductivity measurements are absolute. 

To measure the temperature field intensity, the specimen 
surfaces were carefully prepared by grinding the faces on a 
face grinding machine. The junctions and the electrodes of the 
thermocouples v:ere burnished to a thickness no greater than 
0.05 mm and v;ere embedded in an elastic rubber sheet so that 
the Junction location was on the surface in the central pai’t. 

V/hen the rubber’ sheets v;ere clamped together, a good contact 
of thermocouple Junction wltn test specimen surface was en- 
sured /175./* 

Instrument verification v;as done systematically on speci- 
mens differing in thickness, made of fused quartz and po]y- 
methylmethacr'ylats . These materials iiave been recomme.nded by_ 
a number of authors as reference standard materials /115, IQ 6 / . 

Table ^ gives the results of our thermal conductivity /157 

measurements of fused quartz and polymethylmethacrylate in com- 
parison with data from different sources. The tabulated data 
shew that the measurements with the instrument developed are 
reliable. 

Exposure at exhibits and press reports m.ade the instrument 
v:idely known ^77, 79, 85 /. On requests from, different organi- 
zations, about 1000 measurements were made in the L".TI on more 
than 100 specimens of new materials and cc.mposite coatings. 


Table 'i 


reproducibii.ity of the 

TO nnATJ 


llcTOMdiK (a) 


,51 

|174j 


140) 

Hauiii lU’ ; .peiiiiH ( e ) 


. 01 . 


1451 

llO'l / X 

tl:iuii iiiMcpfiiitiiV e ; 



(b) 

Trn.iot j .a oa h 'v i s 

(c) 

ri0.1UMCTH.lMeTaKp|{.iaT{ d) 


20’ 

0.1 S4 


— 

U.IIC 


— 

o.irr -o.ooivr r 






0-50 

o.i‘»7— u.ir*5 


20— iO 

o.if^o=u,co';> 

n.iaD.IClfNJl KDapU (-f) 


o 

o 

1 

o 

i.r.— 1.12 


14 

uy 


42 

U7 




I..)S-o.C0I6 r 


o 

T 

o 

Cl 



Key; 

a. Source 

b. Temperature 

c. Thermal conductivity. A, 
v/atts/metar 'deg 

d. Polymethylmethacrylate 

e. Our measurements 

f. Fused quartz 


Table 5 gives the measurements of several electrical insu 
lating materials used commercially. 

Insulating materials in electrical machine building are 
used in rombinations v;ith each other and in impregnations with 
different varnishes. The measured values of the effective 
thermal conductivities for these compositions are shown in 
Table 6. 


Staff members at the Knar'kov Avi 
a most premising electrical machine bu 
netlc dielectric compound, consisting 
tln^ finely dispersed filler, bonded v: 
/31/. Epoxy resin envelopes the bonde 
and ensures good insulating qualities 
The combination of enhanced relative m 
(approximately 80) with good electrica 
(approximately 10^ ohms-m), high stren 
thermal stability (to 180 C), and the 


ation Institute proposed 
ildlng material: ferromag- 
cf a magnetically conduc- 
ith furan-epoxy compound 
d grains of the powders 
of the compound as a v;hcle 
agnetic permeability 
1 insulating. . qualities 
.r'h (o^ = 10"^ N/cm*^), 

rxal '■^conductivity 




Key: 

a. Material 

b. Temperature 

c. Thermal conductivity, X, 
watts /me ter ‘deg 

d . Remark 

e. Electrical grade cardboard 

f. Electronite 

g. Film-asbestos cardboard 

h. Film-asbestos cardboard 

i. Lumirror film 

J. Te>’cphthalate film 

k. GOST 282^-60 

l. Impregnated vjith PPL-86 varnish 

m. Impregnated with KP-18 varnish 

n. Melinex Company 

o. Electrotechnical 

p. GOST 10156-61 

q. As above 


17^ 



Table 6 


Cccno KoMni.iitiiMii (a) 


te,i 

Tcn.io*/ 
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/. ‘C 
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30 
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0.13 



IlponniaH .ia)(0\! 

35 
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40 
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Key: 


a. Composition 

b . Tempei’ature 

c. Thermal conductivity, 

X, V.'/m-deg 

d . Remarks 

e. Electrical grade card- 
board + Lumirror film 

f. Steklcmikanit G 2 FGP 
(6=1 mm) + glass-varnish- 
relnforced clcth LSB (one 

ply) 

g. Steklcr.lkanit G 2 FGP (6 = 

= 1 r~.) + glass-varnish- 
reinforced clcth LSK (one 

ply) 

h. Steklomikanit G 2 FGP (6 = 

= i* mm) + glass-varnish- 
relnforced clcth LSE (one 

ply) 

i. Elektronlt (c = 0.3 mm) + 

+ 3tekloslyudir.it = 

= 0.2 rnm) + glass-varnish- 


reinforced cloth LSB 
(6 = 0.15 m.m) 

J . Electrical grade card- 
board (6 = 0.3 mm) 

+ lavsan (6 = 0.05 mm) 

k. Mikalenta LM-^ ( 0 . 17 x 
x23 mim^) 7 plies in 
half-'apci.ng cemented 
iV-fh L;"-?L> varnish • 

l . Steklci^i'.’udinlt tape 

(0. 13x^0 mm2) 9 plies 
in half-lapping 
cemem..?^. with varnish 
88 

m. Elecl’'-. ,al grade card- 
board IB '6 = 0.1 mm) 

+ mi. e GFS (6 = 

= 0 . ; m; + glass- 
var pi h--.'tinforced 
'l.B 

/‘dey cr.r.-: v.ded on next 

page 7 


175 



/Key to Table 6, on preceding page/ 


n. 

o . 

P. 

q. 

r. 

s . 

t. 


Impregnated v.'ith PFL-8v varnish 
Impregnated v/lth tiGM-8 varnish 
Impregnated \\ith varnish 

Impregnated v;ith PFL-8v varnish 
Impregnated with 321-T varnish 
As above 

Insulation winding 

OPTGP'A^ 


RtS’P.ODUOmlt.m’ OF JHE 

(wior-'A'. PAO" w " 


(to 0.7 W/m.deg) accounts for the wide use of ferromagnetic 
dielectric compound as connection and closure parts in magnetic 
conductors. 

Thermal conductivity measurements of ferromagnetic dielec- 
tric compound of different compositions are given in Table 7: 
here PEPA stands for polyethylene polyamine; FAED — furan-epoxy 
resin; GWDM— hexmethylenedlamlne; PZh2M2 — iron pow .sr; and 
NB — boron nitride powder. 


I 

i 

» 


On the suggestions of staff members of the Dnepropetrovsk i 

and Donetsk mining Institutes, series of thermal conductivity j 

measurements v/ere made for specimens of sedlmentarj' rock from i 

the Donbass; the results are in Table 8. i 

' I 

Also subjected to slm.ilar measurements were many materials /l60 • 
with known properties . Our data agree with literature values . ; 

An exception is represented by soft dry chrome leather; its | 

measured thermal conductivity vxas X = 0.07~0.08 V//m"deg. Tabu— ; 

lated data /3, £7 are markedly higher and, evidently, refer to '• 

a more compact leather. j 

! 

The rreasured thermal conductivity values of nonsystematic j 

materials are presented in Table 9- ! 

The dependence of the thermal conductivity of tvxo kinds of | 

glass-reinforced plastic electrical insulation on temperature i 

is shown in Fig. 86. Polypropylene was found to exhibit a j 

practically linear dependence of thermal conductivity on the 
content of the customarily used filler — calcium silicate 
(Fig. 87 ). 

A number of physical properties of substances have a quality 
in common and therefore it is not surprising that they are ini-er— 
related /l92, 226/. On the suggestion and with the participa- 
tion of V. F. Zinchenko, vxe determined the correlation betvxeen 
thermal conductivity and the strenj'th of glass-reinforced plas- 
tics based on epoxy resin when the binding agent is present in 
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O.GIO 

0,657 

0.CS3 


0,204 

0.196 

0.2G6 

0.408 
0.205 
0.202 
0.201 
0.1 G8 
0.557 
0.59.3 
0.C45 
0.675 


0.20 

0,20 

0.27 

0.30 

0.41 

0.21 

0.21 

oai 

0.17 

0.55 

0,60 

0.65 

0.63 


Gr*3,vimG trie content of* T^APn 4 i t 

was assumed to be 100 ^ compositions 
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Key: 

a. Constituents" 

b. curing agent 

c. parts by weight 

d. filler 

e. parts by weight 

f. Specimen thickness, mm 
E* Thermal conductivity 

A,V//m'deg ’ 


ifi’st nieasurement series 

1. second measurement series 
j .• Mean value 

k. PEPA 

l. GHDM«« 

m. NB 

n. PZh2M2 


dependence 

2«-ply specimens are presL?L-l^pic. 

ferent’thlcknesses;°hOT,e?e? °iche?”the^tM p°‘’ '^Peolmens of dlf- /:6: 

10 piles ( 2.5 mm), the oSlatfL reduced to 

This ev.-dently Is ’duf .hit ■ defined, 

ness the relative effect of edit ef?fL decrease In thick- 
total number of measuIInelL ^dse. The 

ceeds 1000 Moqf nr PPort±n,s this correlation ex- 

Institute of Polymer Mechanlc^^^faf'^f qId® °^^ained In the 
by V. F. ZinohenS Latvian SSR Academy of Sciences, 
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Table 8 


( a ) noroii 


1(0 


ir. *c 


Tcn.’of’posoA* 

I ^Ic 

X. «i:'M ' '■ 


ncc-«HiiK Kn=r.;, e=ur. cpe^HMcpiMicTuf. 
ao 15'',o MVCK(3niiTa. ciuepiira ii o5.io.\.hoa ap- 
rn.i.iiiTa V d, j 

riccnaHHK KpvnM03epniicTuri. coctoiit ii3 Kcapua n 

oC.IOMKOD KPCVHIICTUX HOpOA II3DCCTKOOO-MJI- 

imCTOM UCMClITcf e ) 

riecMajiuK cepufi paaiosepHifCTUn, n,ioxooTcopTiipo- 

ncMa'iMK lii^i.TCKoro pniiioro MccTopo)Kaciiii!i{ g 
A.acBno.T»T TCMuo-cepbiii. coacpH<iir cpncHTHpoDau- 
HUC ^IC.^KOS*CU^yl^^aTOrO MVCKOuIITa ( 

A^paMOp 6e.uji; MacciiDHcri 3..;cTVpw U; 

MpaMop ccpurt v.acciiGHort tckctvdu (j) 

Apni.i.iiiT Tcv.HC*ccpun nnoTiibiii i . o o\ 

Bctoii (ucmchv -f KpynsioacpiiuCTWu nccoK, I . J.8) 
D03aymO‘C.-\oii (k) 

To Hcc. Buc; ujciinuri-npn 100 C ' ' 


31 


32 

30 

31 

34 

35 

32 

33 
33 


1.72 


1.50 

1.50 

2.50 

0,70 

1.75 

1,85 

1.13 

O.oJ 

0,G0 


Key: 

a. Rock 

b . Temperature 

c. Thermal conductivity, 

X, VJ/m*deg 

d . Sandstone, quartz, medium-grain 
contains up to 15 percent iriuscov±te , 
siderite, and argillite detritus 

e. Sandstone, coarse-grain, consists 

of quartz and detritus of silicaceous 
rock v?ith limestone-clay cement 

f . Sandstone , gray , ine qui granular , 
poorly graded 

g. Sandstone of Nikitskoye ore deposit 

h. Aleurolite, dark-gray, contains 
oriented inclusions of fine-platy 
muscovite 

i. Marble, white, massive texture 

j. Marble, gray, massive texture 

k. Argillite, dark-gray, compact 

l. Concrete (cement + coarse-grain sand, 

1:2.8), air-dried ^ 

m. As above , dried at 100 C 


Table 9 


Key: 



TcMn<- 

Tcn.ionpoRo.v 

fiirvra 


f. *C 



(b) 

{c) 

Al»’r»c.ibHb:e nniiTU | 



U3 reH03noKCU.'i;» 
II Mano.iHiiTC.in 



(oniMKiO u pV{P’ 

50 

0J2 

iKnuL. rieTf‘RH0B:(e^ 
Kap6opyiaoBan 

55 

0.035-0.045 

. . KOMno3;iUii« ira 



(f)cBn3KC Bi {130] 

Onjcprt<.2eHMufi 
ny.iLcep6aKO- 
( tr) .lilT — C3S3K3 flB 

3352G3I 

42 

1.26 

40 

0.23 

Cofl3K3 .W I (na 

* OCHOOC a.IWMIl* 

(h) mifli [130] 

40 

0.S0 

ConsKa BP (115 *r 



+ pC3»HOB2fl >iy- 
(i) Ka) 

oO 

0.24 


i . 
3 . 

* 


i. 


a 

f. 


i. 


reproducibility op the 

Material ORIGINAL PAGE IS POOR 

Temperature 

Thermal conductivity, 

A, \7/m*deg 
Furniture slabs of 
foamed epoxide and filler 
(shavings) in a 1:1 ratio 
Petryanov cloth 
Carborundum_composltlon v;ith 

B1 binder /130/ 

Cured sprayed bakelite — 
with PB binder (GOST 3552-63) 

Binder No. 1 (aluminum-based) 

/ 130 / . 

BPt binder (PB + rubber flour) 



' 






Fig. 86 Dependence of ' Fig. 8? Dependence of thermal 
thermal conductivity of conductivity of polypropylene 

glass-reinforced plastic on filler content— calcium 

electrical insulation on silicate 

temperature : 

Key : ' ' - 

1. EK-20 binder a. X, W/m*deg 

2. ED-6 binder 


Key: 

a. X, W/m*deg 



HEPRODUCIBIUT\" OF THC 
ORIGINAL PAGE IS POOR 


2 ' 

/ 






1 , 

I 


t 


t 

{ 

) 

I 


I 


"S Correlation between 
- conductivity and 
strength of 2^-ply 
.u5s-reinforc:;d plastic 
or different bonder content 2 
Key: a. x, W/m-deg b. kg/cm 


Fig. 89 Arrangement of instru- 
ment for determining the 
thermal conductivity of a 
liquid: 

1. heat receiver 

2. heat source 3. temperature 
difference transducer 

heat flux density transducer 
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The correlation found betv/eei. thermal conductivity and the 
strenfith of {'lass-reinforced plastics allov/s us to determine 
the strength properties directly in products without takinc out 
specimens. Similar correlations must be considered as the pri- 
mary uses of strain cage flav; detection. 

In systems intended for determining thermal conductivity 
coefficients the strain gage transducers are applied not just 
to measure the. heat flux density, but also the gradient of the 
temperature field in the test body. This is done most simply 
in a special instrument used for finding t.'.e thermal conducti- 
vity of liquids in field conditions (Fig. 89). 


KEPRODUCIGILITV’ 
OIUGINAL PAGE IS 


The transducers were connected in a bridge arrangement 
and were : ositioned between flat bodies exhibiting high thermal 
conductivity. Mounted in the upper body was an electric heater; 
when it is energized, in spite of signiflcc.nt losses into the 
ambient space, some tem.perature difference is established 
between receiver 1 and source 2, The temperature difference 
ensures that heat flows from the upper body to the lov;er in tv/o 
parallel paths: through the first transducer 3 in contact v;ith 
both bodies, and also through the second tJ-’ansducer ^ and the 
gap filled v;ith. the test liquid. 


The values of the fluxes passing through the transducers 
are directly proportional to the temperature difference betv/een 
the bodies, and inversely proportional to the thermal resistances 
of the corresponding circuits of heat fluxes: 


<7i = 



(VII. 3) 


Cancelling out At , v;e find that the thermal conductivity 
of the liquid filling the gap is an unambiguous function of 
the ratio of transducer emf values: 


/. = 


6 

f:*} 


Rt 



(Vll.iJ) 


v;here the instrument constants A and B are determined from the 
measurements taken v;ith reference standard liquids. 


3. Determination of Convective and Radiative Components of 
Cc.mplex Heat Transfer 

Heat transfer by conduction and by convection is so closely 
interrelated that sometinses dividing them is very different. 

This is due to the commonality of the principles of the effects 
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studied. At the same time the nature ol' ruu'lu^^^rilSlPOOli^s sig- 
nificantly from thermal conductivity and convection and there- 
fore its proportion in overall heat transfer is best considered 
separately.. 


Nusselt made one of the first attempts in this direction: 
he simulated heat transfer in the v.’orhing chambers of internal 
combustion engines with spherical calorimetric bombs of differ- 
ent diameters and different blackness values of internal sur- 
faces /3007. Later, the method of heat measurements on surfaces 
v.’ith different absorptivities as. applied to open-hearth furnaces 
v;as developed by V. S. Kocho /1^^7, and for fireboxes of boiler 
installations_by S. S. Filimonov, B. A. Khrur.talev, and V. N. 

Adrianov /228/. The presence of compact heat-measuring trans- /Id 3 
ducers with high sensitivity made improvements, in this me.thod 
possible . 


In most, of the known methods of heat transfer investigation 
the heat-flux densities are estimated indirectly from measure- 
ments of other parameters, mainly temperature. Efficient heat- 
measuring instrumentation makes it possible, _from heat-flux 
values, to determine all the remaining quantities characterizing 
heat transfer. In principle, measuremients of .only flux densities 
can be sufficient to get complete information, naturally, v;e 
must have additional sources — transducers whose readings are 
not linearly interrelated — to get the additional information. 

In the general case, the heat flux density measured by some 
i-th transducer 

= + (VII. 5) 


v/here is the convective fraction of the flux measured with 
the given transducer; A^^^ is the blackness value of its receiv- 
ing surface; is the incident radiative flux; and q^_^^ is the 

Intrinsic radiation from the receiving surface of the given 
transducer. 

The flux direction in which the heat is received by the 
wall is taken as the positive direction. 


Corresponding to each of the principal equations of the 
form (VII. 5) are the additional following equations: 




(VII. 6) 
(VII. 7) 
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(VII. 8) 

v/here is the temperature of the sv;tcpinc medium, is the 

temperature of the receivinc surface of the given transducer; 
and is the thermal resistance of the transduced. 

Usually the surface temperature of the surface on v;hlch 

the transducer is placed is a function of the flux measured 
and can*be specified in analytical form.. This function gives 
us one more equation in the system. To make things simpler, 
let us dv.’ell on the special case v;hen the transducers v;ere 
placed on a surface made of material that has a high thermal 
conductivity, when we can assume T^ = idem. 

Eleven quantities enter into a system of four equations. 

Of these only three can be obtained in the preliminary calibra- 
tions ^11’ Therefore, there is not enough infor- 

mation about four quantities in order for complete Information 
to be arrived at; these four quantities can -be found only by 
measurement. V/hen there is one calorimeter (i = 1), three more 
parameters must be measured, for example, T , T , and q . 

5 3 V S 

Each additional heat-measuring transducer, when brought /16^ 
into the measuring situation, leads to the appearance of four 
additional equations and only three extra unknov;ns.- V/e assume 
that quantities like a, T^^, T^, and q^ remain the same for all 

transducers. It is important that the transducer readings are 
not linearly interrelated, that is, that no repetitions must be 
made of transducers v/ith the same values of absorption, radia- 
tion, and thermal resistance. Introduction of each additional 
transducer makes it possible to exclude one of the direct mea- 
surements of any other parameter. So v/e can manage v/ith Just 
thermal measurements; from these, by calculation v/e can deter- 
mine all temperatures, components of complex heat transfer, 
and the heat transfer coefficient. It is best to combine 
heat-measurement transducers v/ith other measuring instruments . 

For Instrumental implementation of the method, individual 
transducers have been designed and built v/ith different fixed 
absorption levels, and also two-, three-, and four-section 
transducers, two of which are scnematically shown in Fig. 90. 

Each section differs from the neighboring sections only by the 
absorption level or by thermal resistance. Since when systems 
of the kind (VII.5)-(VII.S) are solved, the measured flux values 
are subtracted and the sections are connected in opposition in 
order to directly measure the difference signal. Since all 




origin A.L 
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sections of one inte^jrated transducer for direct measurement of 
a difference sif-nal must have a strictly identical sensitivity, 
v/hich is quite difficult to do, the measurements are taken v/ith 
individual transducers that have characteristics precluding the 
possibility of linear dependence of readings in the selected 
measurement conditions. 


Surfaces ;vith a high ab- I 
sorption level are prepared 
using carbon black paints. ' ; 
If the paint formulations ; 

are identical, the absorption 
levels are replicated quite 
v/ell. i 

For lovj-absorption sur- ■ 

faces, tests v;ere made of 
transducer foil coatings of 
gold, silver, aluminum, brass, 
bronze, and nickel. The /l 6 f 

initial absorption levels , 

v/ere ranked in the order in , 

which these materials are i 

listed. In accordance with ! 

the tabulated data, best reflection vfas recorded from gold, ! 

silver, and aluminum surfaces, but in operating conditions they 
rapidly lost their initial qualities. Most stable are the values \ 
of surface properties for nickel foil. ■ 

i 

In the order in which the proposed method of distinguishing 
the components of complex heat transfer v/as Introduced, a large 
number of measurements v/ere made during the baking of full-sized 
products in industrial bakery ovens of different types / 89 , 155 , 
15 ^/. The transducers v/ere pressed into the dough surface when 
the experiment started and during the v/hole baking process 
yielded information about the heat :transfer trend. These me a- . 
surements in bread-baking were the first of their kind and made 
it possible for specialists- to arrive at ccncl-usions about in- 
dividual stages of the technological process. 



Fig. 90 Arrangement of three- 
(a) and tv/o-sectiohal (b) 
combined transducers 


k. Hicrocalorimetry 

In 1923 A. Tian proposed a calorim.eter design in v/hich 
the thermal intensity of a process studied can be measured by 
relying on compensation by the Peltier and Joule-Lenz effects 
Essentially, the time derivative of the calorimetric effect 
was recorded. The device should have been named "differential 
calorimeter," but this name was already in use, so a less apt 
name — rnicrocalorimeter — was settled on. 
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Measurements of the derived parameter v/ere developed exten- 
sively In studies by A. Tian /121, 3207. Considerable attention 
v;as given to studies in microcalorimetry in the United States, 
Canada, and France. Through the efforts of students of A. Tian 
and.E. Calvier, a special center for studies in microcalorirnetry 
and thermochemistry v;as founded in Marseilles. In the USSR In- 
vestigations in this area came to be called thermographic calor- 
imetry /li), 23-26, 28, 5^, 56, 122, 193, 2HH/. 

The absolute error of measurement does not exceed 1 yV' in 
the most sensitive devices. For purposes of microcalorirnetry 
it is convenient to use v/holly or partially closed shells made 
of series of specially prepared transducers. In the case of a 
closed heat-measurement shell, the pov;er released in the inter- 
nal volume is associated vjith the heat flux density, the v;ork- 
ing coefficient of the transducer, and the emf generated by the 
transducer . by the follov;ing relations: 

P = qk = k^el^ (VII. 9) 

Typically, for the selected type and elementary di:nenslons ■ 
k^f^ ~ ^c ~ const and does not depend on transducer area. For 
tne^above-described sandv;ich-type copper-copel transducers, /166 

'V 15 W/V v;hen the transoucei’ is 1 mm thick and v/hen the vjire 

diameter is 0.1 mm. 

If the error of the most sensitive instruments (M-195 and 
F-116) is 0.1-0. 2 yV, we can expect an absolute error of measure- 
ment of about 3-^ yV for series-manufactured sandwich-type trans- 
ducers. How transducer sensitivity can be augmented is described 
in Section Chapter 3. 

Making direct measurements of the heat balance items of 
individual body organs v.’as of much interest. The kidney is an 
organ that is most convenient in this respect. Complete heat 
balances'of a cat kidney in different -regime conditions v;ere* 
formulated in the department of normal physiology of the Kiev 
Medical Institute /Ifi./. In acute experiments heat-measuring 
transducers were sewn to different areas of the kidney surface. 

A total of more than 200 experiments were conducted; as a re- 
sult, complete energy balances of the kidney were arrived at 
for the administration into the organism of pituitrine, urea, 
and ascorbic and dehydroascorbic acids. About 90 percent of 
the thermal energy released in the kidney was removed by the 
bloodstream, 8-10 percent — through thermal conductivity, and 
only 1-2 percent — v/lth the products of the- organism's vital 
activity. Characteristic is the presence of a heat flux trans- 
iting through the kidney from the liver located nearby — the 
liver is an organ with high heat release. 
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A quantitative dependence bctv.'ocn the effective thermal 
conductivH,y of kidney tissue and blood circulation was de er- 
^^^ne^in ^he Institute cf Physiolory, Ukrainian SSR Academy of 

Sciences, based on heat measurements usinc s ^"ted 

ducer /hi. H8/. More than 70 acute experiments were conduct 
cn cati and Fabbits as an indirect comparison of the data of 
thermoelectric measurements with direct methods. Ox blood cr u 
lation recordinn» as well as in direct experiments v?ith 
fusion (by numpinm.) of blood from the isolated orpan in situ 
with a pump* that has capacity calibrated as a function of the 
rpm value. 

The same measurem.ents v/ere conducted on a spleen, small 
intestine, liver, skin, and muscles of the extremities. . rom 
the data recorded for the chanpe in effective thermal conduc 
tivity with the perfusion tempo, curves of mutual dependence 
cf these quantities v;ere plotted for each organ. 

Acute experiments, naturally, are excluded as applied to 
the human organism. But heat measurements of the 
a whole can be obtain from surface measurements. In air these 
measurements were found to be poorly effective owing to the 
large effect on the boundary conditions of random factors 
(drafts, solar radiation, and so on). 


But in water boundary conditio.ns have a muen ex- 

pect. Soecia: measurements with a surface resistance ther.^o- 
neter es'tablished that even in 60 .s after im.mersion the surfac., 
temoerature of the swimmer's skin is practically no different / 
from the water temperature. In the principal experiments a 
heat flux transducer was cemented on different parts of the ^ 
svirmeT’’s body: the readings were fed through a 20 m conducting, 
halyard to an K95 instrument. The following conclusions were 
reached on the basis of measurements made on more than 30 oWi...- 
mers at a vjater temperature of 15 to 27 C: 

a) at the instant when the swimmer was ir.mersed, in a non- 
cit-Tt-i onarv coolinr regime, the heat losses are proportional to_ 
the initial difference between the skin surfcce temperature ana 
the v;ater temperature and in some cases exceeded 10 kk 

b) arriving at the stationary regime of heat release occurs 
in 7-10 m:in; the density of the stationary flux nov; falls in ..ne 
r?n~e 2"0-S00 V.'/m^ and depends on the water temperature, the 
thickness of the subcutaneous fatty tissue, and the personal 
mental and nervous qualities of the subject 


a much stronger ef- 
resistance thermo- 
immersion the surface 
ically no different 
pal experiments a 
rent parts of the 
lUgh a* 20 m conducting 
ng conclusions v;ere 
on more than 30 swim- 
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c) under identical conditions (v;ater temperature and body 
build), the heat loss densities can differ by more than tv/ofold] 
typical of persons of choleric temperament is a rreater ten- 
dency to heat release; trained swimmers are less prone to heat 
losses 

d) based on heat measurements, an objectively sound selec- 
tion can be :nade of persons predominantly suited for athletic 
and occupational activities in v;hich systematic or random long- 
term presence in v;ater is inevitable (for example, marine avia- 
tion, underwater divers, and so on) 

e) when there is an increase in physical load, the station- 
ary heat release climbs by 30 to 50 percent; the tov;inc speed 
of an immobile sv'immer does not affect heat release. 

A tv;in microcalorimeter v:as built for analyzing individual 
animal organs; it was based on series-manufactured sandwich-typ< 
transducers (Fig. 91)* The object of study v/as placed in a 
sleeve 12 mm in diameter and 80- mm long. A controllable flov; 
of heat occurs through a thickness made in the middle part of 
the sleeve, into a receiving insert and a massive housing 
through a transducer and a tapered bushing. The sensitive ele- 
m.ent was assembled of three series-manufactured sandwich-type 
transducers connected in series with respect to signal . 

Openings v;ere drilled in the Intervals betv;een the trans- 
ducers and a threading v;as cut; in it were screv/ed heat shunts 
leading part of the flew past the transducers . 

Because of the threading, the thermal resistance of the 
heat shunts can be regulated over a wide range and with high 
accuracy. 

A variable electrical shunt v;as installed in the external 
part of the transducer circuit of each microcalorir*e ter ; the 
shunt is capable of regulating the sensitivity of the system of 
transducers independently of their thermal resistance. This 
system has the possibility of independently regulating the sen- 
sitivity and inertia of each microcalorimeter and, thus, v;ith 
high accuracy these characteristics can be established for both 
microcalorimeters identically . 

Beth elements were placed in symmetric recesses in a m.ass- 
ive (^0 kg) block, ther::*.ally insulated externally. All the 
parts v;ere made of copper; the contact locations were carefully 
v.'iped and lubricated zo reduce the thermal resistances. 
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The riicrocalorir:eter sensitivity in the arranj^ement des- 
cribed can be ror.ulated in ti.a ranp.e ( 10 -^ 10 ) * 10~3 v/W, and the 
time constant is 120-300 s. 

The instrument v;as intended for colorimetric and micro- 
caloi’iinetric measurements in direct, differential, and compen- 
sation regimes. The negative thermoelectrioal compensation 
due to the Peltier effect v;as practically not provided for. 

V.'hen necessary, this effect can be replaced v;ith positive 
compensation due to the Joule-Lenz effect in the differential 
regime during a nonisotherr.al process. 

After preliminary tests, the microcalorimeter described 
v/as transferred to the departm.ent of normial physiology of the 
Kiev I-iedical Institute (K. I. Putilin), v.'here it v;as used for 
studies of the dynam.ics of the energy balance in the static 
and dynamic functioning of frog m.uscles. 

One method in the dosimetry of ionizing radiation con- 
sists of measuring the heat intensity of the dose absorbed by 
a specimen. Generally, simplified calorimetric sj'stems are 
used, and a curve of the trend of energy release in the speci- 
m.en v;ith tlme_v;as graphically differentiated to determine the 
intensity 736/ . classical microcalorimeters are rarely used 
because of their cuiiibersomeness . 

Closed heat-m.easurement sheaths in v;hose internal cavity 
the irradiated specimens v;ere placed v;ere found to be very ef- 
fective (S. S. Ogorodnik and A. V. Nikonov). 

By early 1969 four types of thermial nuclear dosim.eters 
v/ere placed in regular production; the number of these instal- 
lations operating in different organisations exceeds i)0. 


5. Use of Heat-Measurement Transducers in Radiation Pyrometry 

Essentially, the sensitive elem.snts of radiaWon pyrom;Ctry 
instrum*ents are heat-measurem.ent transducers /199/. So it v;as 
natural to try to use the sensitive elements designed in the 
field of pyrometry. 

In the first of this series of Instrum.ents the circular 
sandv.’ich-type transducer, 10 mmi in diameter, v;as m.ounted on a 
copper plug screwed into the instrun::;nt body /o6 , -80/ (Fig. 92). 

A number of diaphragms ’.-.•as bored into the pyrometer body /lo? 
to increase the absorption of the internal cavity and reduce ^ 
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possible convection. All the internal cavity surface, includin 
the transducer, was blackened v;ith "blackbody /-.rade" lasnpblack. 
The ir.a.'inr; of the of the irrndiatinr. object on the transducer 
vnas obtained with standard Gelios-AO or Yupiter-6 objectives. 

The external surface of the copper body was protected with in- 
sulation for protection a.oainst external thermal perturbations. 



nicrocalorimeter for sand- 
wich type transducers: 

1. cover 

2. iininn 

3 . tapered bushinc 
A. .sensitive element 

5 . receiving insert 

6 . body 



Fi,r:. 92 Structural dianram 
of radiometric pyrometer with 
sandwich-t^.'pe transducer: 

1. copper plu^T 

2. transducer 

3 . body 
diaphragm 
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Results of extended tests showed that the equipment func- 
tions stably, h’hen radiation from a small incaiidescent lamp 
was measured, the instrument reacted cleanly to the slinhtost 
(0.1 percent) chance in supply voltage. This system, evidently, 
can prove to be useful for measuring the voltage drop in alte’^— 
nating current circuits. Calibration of the system to hich ac- 
curacy can be done with direct current. 


In many cases of commercial and research practice there is 
a need fer contactless :;'.easurement of the temperature of semii — 
transparent gases, their effective absorptivity and radiativitv 
as well as a numiber of radiative characteristics of different ' * 
solid and gaseous objects. Ordi.narily in these "measurements ■ 
use is made of standard radiation pyrometers exhibitinr; " some 
shcrtccmin.:-3 ; cumfoersomeness , sensitivity to inevitable conta- 
minations of optical system co~ponents, sclectivitv of receo- 
tion, complexity of manufacture and operation, hi-'h coot, and 


A narrow-nnrle total-radiation radiornc ter-probe was dev- 
eloped in the Institute of Oas, bkrainian 3SR Acader,y of Sci- 
ences /iSl/ (Fir,. 93). The total radiative heat flux from the 
object measured v;as received by the sandwich-type transducer 3> 
v:hlch was placed on the face of massive copper plur A char- 
acteristic feature of the instrument is that it has no conden- 
ser elements (lenses or mirrors). A ciaphrarminr device 1 is 
used as an optical system delimitinr. the* sir;htinc anrle of the 
transducer. To prevent the entrance of hot rases, condensation 
of v;ater vapor, and solid-particle contamination of the internal 
cavity of the radiometer, use was made of an air seal (purrin;: 
of the forward part of the diaphrarminr device through a system 
of openings). Conductors from the transducer v;ere inserted into* 
the secondary instrument in internal tublnr 7 through which the 
purr.inr air was directed. The radiometer was sirhted on the 
measured object uslnr an alignment si^htinc device 5* Cooling 
v;ater was directed and removed through connection 6 . 


Ov;inr to the absence of condenser elements, the spectral 
composition of the received lieat flux is not distorted, the 
instrument is simple to make and operate, does not require ad- 
justments, is not in need of temperature compensation devices, 
and is nearly insens.itive to contaminants. bv:ing to the pur£;- 
Inr; system and water coolinm, the instrument can function in 
corrosive media. The radiom;eter-probe has small transverse 
dimensions (30 mm diameter) and, v;hen necessary, any length 
and confifvaration of the support rod (from 0.250 m to several 
meters). So it can be used for measurements in hara-to-get-at 
places, can be introduced in a furnace inside the flame, and 
used near an object of electron-beam meltinf^ of metals. Any 
readinf^ or recording potentiometer, in series production com- 
mercially (EPP, PSR, N-373, and others), can be employed as 
the secondary instrument. 


V/hen surface temperatures are measured — for which the /17 1 
radiativity is not knov;n, to the end of the instrument is at- 
tached a semiclosed fitting made of material that has high 
reflectivity according to an arrangement proposed by T. Land 
and R. Barber /92/. Belov; are given the specifications of the- 
rad ometer-probe : 


Sen'.itivlty , W/m^-V 

Minimum dimension of sightin' area, mm^ , . . 

Inertia, s 

Diameter, mm 

Lenf’th, m 

V/eif,ht (as a function of lenrth of supportinr, 

rod), kj-: 

Flow rate of coolinr; water, cm^/s 

Purolnp: air pressure, I.'/m 


570 - 10 °^ 
1:12 or 5 
12x12 
10-15 
30 

0 . 25 -^ 


from 0 . 3 

2-iq 

( 1 - 5 ) - 10 ^ 



Fie* 93 Harrow- 
angle radiometer- 
probe : 

1. entrance diaphragm 

2. body with air channels 

3. transducer 
U. plug 

5. sighting device 

6. cooling water connec- 

tion 

7. scaling, air tubing 


For glass industry conditions 
a number of special-purpose instru- 
ments were made for measuring the 
temperatures of rolling mill rolls, 
glass ribbon, glass bath, furnace 
crov.’n, gas burners, and so on. The 
insensitivity to contaminants makes 
it possible to place these instru- 
ments in close proximity to points 
bearing control Instrum.ents . The 
transducer signals are fed to a 
co:r:puter monitoring the operating 
regime of the entire process com- 
plex. 

It appeared of interest to 
combine the narrow long sandwich- 
type transducer v/ith a sy^stem of 
slit diaphragms /B8, 1^)1/. This 
unit is polarized in terms of sen- 
sitivity and generates a rninim.um. 
simnal when there is coincidence 
of the transducer plane and the 
plane of the slit diaphragm with 
the normal to the isotherm at t.he 
nonisothermal radiator. 


6. Heat-Keasurement Determination 
of Properties in IConstationary 
Regimes 

Several methods of determin- 
ing heat-physical characteristics 
are founded on solutions to problems 
in nonstationary thermal conducti- 
vity. Some of these methods serve 
in determining the heat-physical 
characteristics of rocks, construc- 
tion materials, and so on in-place, 
without resorting to extracting 
materials and making soecimens 
7169/ . 

In the physical formulation, 
the problem under consideration 
can be represented as follows. 

Some finite body, exhibiting hi "h 
thermal conductivity and temooi’ature 
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diffusivity, with initial temperature T^, is brouf.ht into con- : 

tact throu/'h a heat-measurinn transducer with the tost mass i 

(a f.emibounded body). The temperature of the mass t(r, t) at ' 

the initial instant is assumed identical and, naturally, differ- 
ing from the probe body tcm.perature t(r, 0) = 0. If the read- 
ing is done from the initial mass temperature, then t(r, 0) = 0. 
After contact, the temperatures are equalised at a rate that is 
dependent on the heat-physical characteristics of the test r.ass • 

If we ne^'lect heat transfer at the free (noncontactinr,) surfaces /17 
of bodies, the differential equation of thermal conductivity for 
this case can be written as follows: 

dl(r.T) .1 aVfr.T) . 2 a<(r.T) 1 (VII. 10) 

<n ' dr- ' r dr j 

under the boundary conditions 

t(R.x) = T(x)- X/ iigilL = c (VII. 11) 


The solutions to Eqs . (VII.l) are as follov;s: 

^ ^ ^ (a I cT) 

(VII. 12) 

d/(R,T) R R , , r. , « . , , ,/ — . 

57 = p= + a(a/?— l)e.\p(a*<JT)erfc(al 'at )- 

— P(^R— 1 ) exp (P’flT) erfc (p ] ). 

For convenience in practical measurements, Eqs. (VII. 12) 
v;ere tabulated and the plots shown in Fip;. 9^ were constructed 
for the equations. In each experiment measuring temperatures 
and fluxes twice is sufficient for determining thermal conduc- 
tivity and temperature diffusivity. 

Heat capacity can also be determined in these experiments, 
but this is not sensible, since there are more advanced methods 
for heat capacity measurem.ents . 

The potentialities of local heat-m.easurem.ents permit also 
the effective determ.ination of integrated heat-physical charac- 
teristics of com.plex heat-insuiating enclosures in .'ull-ocale 
conditions. In some cases (for example, heat measurements of 
enclosures packed v;lth fibrous or porous friable material), the 
m.ethod described below aprears to be hardly the only effective 
approach /7o/. At first, v;e select the section of the complex 
enclosure in which the heat flux is normal to the external and 
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internal enclosure surfaccG. This operation is carried out with 
tv;o heat flux transducers installed alonr* the sar,e normal to both 
sides of the wall. The absence of heat leakage alonf, the wall /173 
is estimated from the equality of the readinr.s of the external 
and internal transducers in a steady-state ref;irr.e. Then by dis- 
turbing, the stationary conditions a transient regime is producec 
in which the effective heat capacity of the enclosure is deter- 
mined from chances in the enthalpy of the enclosure and its 
temperature . 



Fig. 9^ Plot of the 
functions 

%'% -hW (curve 1) 

and ^=fs(x) (curve 2) 
' 0 


The chance in enthalpy is esta- 
blished on the basis of the record- 
ing readings and 0,2 of the trans- 
ducers installed on different sides 
of the enclosure, 


Q = ]'(9.-<7:)dr (VII. 13) 

In practice integral (VII. 13) 
is determined by "planimetry of the 
area bounded by curves o_i(t) and 
Q 2 (t) (Fig. 95). 

The effective volume heat capa- 
city is calculated by the familiar 
formula: 

(VII.lt) 


Ordinarily, in formulas of the type (VII.lt) the temperature 
change is customarily taken as averaged so that the scalar essen- 
tially of the heat capacity did not depend on the direction of 
thermal action. For convenience in measurements and for process- 
ing experimental data and calculations, it is best to relate the 
change in enthalpy to the temperature change at the enclosure 
surface. It is of interest to note that for enclosure components 
that are not symmetrical by arrangement, the heat capacity can 
depend substantially on which side the thermal action on the 
insulation occurs. In particular, for a home refrigerator door 
heat capacity for external action (change in room temperature) 
turns out to be about 50 percent higher than for internal action 
(change in operating regime of refrigerator) /76, 32/. The /17^ 

thermal conductivity of the enclosure is determined in a steady- 
state regime according to Eq . (VII.l). measurements for the 
walls of home refrigerators are given in Table 10. 
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Fig. 95 Heat-measurement characteristics of 
of transient regime of enclosure at constant 
povjer (a) and temperature (b) of room 

Key: 5 

A . W/m"^ ■ " 

B. hours 


Table 10 


KoMnoncitTU orpawaeKHfl ( 3.] 

m 

(b? 


Kdj*c/M* • zpad 

e)j.. 

sm/M^epcd 

CtHponop (45 kc / m ^) ( f ) 

c.or 

35 

77 

107 

O.OoG 

Cono^iiMCp CHH (gj 
Criiponop (35 kc / m ^) ( h ) 

0.003 

0.077 

10 

175 

148 

0.0« 

Cono.iMMep CHn (g) 
CTCK.iosaTa (i) 

0.002 





O.Oof 

40 

II6 

155 

0.05-1 

CTa.ib( J) 

0.001 




Cono.iHMCp CHH (g) 

0,003 





Criiponop (35 av ’.n^) ( h ) 

0.02o 

12 

182 

356 

0.042 

CTa.ib (j ) 

0.001 





Key: 


a. Enclosure components 

b . t , 

enclosure 

c. kJ/m^ ^ 

d. kJ/m^-deg 

e. V.'/m'deg 

f. Exoanded Dolystyrene 
{^5 kg/m 3) 

g. SNP copolymer 


h. Expanded polystyren 
(35 kg/m3) 

i. Glass v.'ool 

j . Steel 
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7. Direct Application of Transducers 

Besides the above-described instruments, systems v;ere deve- 
loped in the LMTI for studies of the correlations of heat trans- 
fer in equipment and processes of new technolcsTy. Brief re- 
ports of some of these developments are the content of this 
present, concludinc text section. 

In the departments of thermal conductivity and dynamics of 
thermal processes ,’ Institute of Technical Thermcphysics , Ukrai- 
nian SSR Academy of Sciences, self-contained and banked heat 
flux transducers are used for investipc, jinm heat transfer 
throu(;h surfaces boundinc- interblade channels from above and 
from belov.'. Here the heat transfer effect is significantly 
complicated by the presence of the so-called steaming eddy. 

Sections of sandv/ich-type transducers v;ere mounted in the 
surfaces of internally heated spheres for studies conducted in 
the department of combustion and two-phase nonisother.mal sys- 
tems, Institute of Technical Thermophysics, Ukrainian SSR 
Academy of Sciences. With these devices heat transfer was 
mieasured from the sphere to the boiling layer. The investiga- 
tions are continuing and their results have been published in 
part /2V. In the same departm.ent probes v;ith dissimilarly 
oriented heat-m.easurement receiving surfaces v:ere prepared for 
measuring radiation characteristics of muffle heaters. 

Fairly widespread use is made of a structure based on a 
compact refrigerator bearing a sandwich-type transducer on its 
facing surface. More than ^0 of these structures were built. 

They are in service in the heat and mass transfer department. 
Institute of Technical Thermophysics, Ukrainian SSR Academy of 
Sciences and in the heat-physics laboratory. Scientific Research 
Institute of the Construction Industry (NIISP), for determ.ining /175 
the radiation characteristics of infrared drying equipment with 
flameless gas combustion. 

Calorimeters made the fol3ov;ing operations simpler: 

a) balance tests of industrial electrolyzers for making 
alkali metals; owing to the high v/orking temperature (to S00° C) 
nichrome-nickel sandwich-type t' ansducers 'with enamel potting 
were built for these experiments 

b) since 19o5 processes of aging of the thermal insulation 
of heating networks buried underground have been studied in 
full-scale conditions 
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c) inv&stinst ' ons c:' hec‘o transfer from heated v;alls to 
viscofriable -materials (fcr example., sunflower, peanut, and 
other oilcakes) 

d) investinations of the radiative characteristico of lo..- 
teinoerature electrical heaters and, based on a sandv;ich-type^ 
banked heat flux transducer, the development of a new instrument 
fcr these investipations 


Let us look more clo; 
study of heat transfer fez 
on the f.round and on road: 
for airfivlds, where ice . 
cates operating landing a: 
ice glazes the landing an: 
jets frem a jet engine m 
jet sweeping periods with 
1000° C temperatures, the 
and evaporation considera 
of the action taken. In 
conditions, combatting ic 
of continual concern, and 
hundreds of tons a day. 


UI1 

a 


ly at one of these investigations — 
the removal of ice glaze formations 
This problem is particularly urgen: 
,aze formations considerably compli- 
; takeoff strips. Ordinarily, during 
takeoff strips are swept with hot 
ted on a mobile chassis. During the 
virtually transparent jet at belov:- 
ce crust melts only at the surface, 

,y reduces the thermal effectiveness 
gions v/ith unstable meteorological 
glaze sometimes becomes an object 
•uel consumotion is measured in the 



Fig. 96 Results of heat- 
measurem;ents of heat losses 
during fatigue tests of 
glass-reinforced plastics 

Key: a. kg, /mm 
b . watts 


It was noted that on sunny i 

days the crust readily separates ■ 

from concrete and is sv/ept off 
landinn strips in the solid state, 
welting and evaporation are re- 
duced and the capacity of the 
cleaning system increases by sev- 
eral-fold. So in the Riga labora- 
tory of the State Scientific Re- 
search Institute of Civil Aviation 
(A. A. Mogutnov), a method was 
developed that provides for a com- 
bination of jet action with treat- 
ment of the surface with short- 
wave thermal radiation, for w'hich 
the ice crust is transparent, to /17c 
a large extent. Much of the radi- 
ant energy is absorbed at the ice- 
concrete interface; the ice melts 
and is easily separated and re- 
moved by the gas-air jets. 


Through use of elc-m 
flux transducers. It was 
determine the radiative 


r.ts of the sandwich-type banked heat 
possible in full-scale conditions to 
haracteristics of the ice glaze 
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coatinr.s on concrel.o foundations, to analyi'.e in detail all heat 
balance iterr.s, to find the optinal vjorkinr. reriries, and to set 
up a method of thermal calculation of necessary installations. 

Castinn: and formation of steel in,~ots was investicated 
v.’ith heat-:r:oasuremont equipment in the Institute of Casting 
Problems, Ukrainian SSR Academy of Sciences. Heat losses from 
the metal surface in the castinr, heads of larpe forced ingots 
can be measured with a unit developed on the basis of a sand- 
wich-type transducer. The measurement results permitted deri- 
vin.m the correlations of the thermal functionin' of the casting 
head and findinn; v;ays of im.provinr; the conditions of inrot fer- 
mation. A batch of self-contained transducers was also installed 
on several of the most stressed elements of the installation 
for continuous steel castinr. 


Heat-measurement transducers were attached to specimens 
later subjected to fatigue failure in the Institute of Mechanics, 
Ukrainian'^SSH Academy of Sciences. It v;as thus possible to 
measure the energy of dissipation directly (Fig. 96 ). 


The follo’wing quantities were laid out along the coordinate 
axes: maximum stress in the cycle number '‘f cycles to fail- 

ure of the specimen M, and total heat losses Q during the test 
period . 

The three-dimensional curve represents the Iccus of points 
at which specim.en failure occurs, iloteworthy is the projection 
of this curve onto the Q vs. I! plane. As the plot shows, the^ 
projection turns out to be a straight linej this means that the 
energy of dissipation in one cycle does not depend on the stress 
to which the specimen was loaded. 


Investigations were begun on heat measurements of cold and 
hot treatm.ent of food products in storage and processing condi- 
tions in the ?Iiev Technological Institute of the Food Indusi-ry, 
the Ukrainian Scientific Research Institute of the Meat and^Dairy 
Industry, and in a number of other organizations, by V. G. Fedo- 
rov. 

Sandwich-type transducers v.’ere embedded in drip pans for 
sublimation drying in the refrigeration installations depart- 
ment (V. I. Karpov) In the Kaliningrad Technological Institute 
of the Fishing Industry; as a result, the heat balance and tem- 
perature cenditions of" this now and promising kind of drying 
were j nvestigatod . 


These e:;n 
potentialities 
looking, trends 


;ples do net e/.heust the actual and prospective 
of heat-measuromonts . Experience shows forward- 
both in formulating new tasks and in solutions. 
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